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F O R E W O R D
This volume co n t a i n s  a s e l e c t i o n  of  papers  
present ed  at  the F i f t h  I n t e r n a t i o n a l  Pr o t o ­
p l a s t  Symposium. The meet i ng ,  j o i n t l y  o r ­
ganized by the Department of  Mi cr obi o l ogy ,  
A t t i l a  J ó z s e f  U n i v e r s i t y ,  and the I n s t i t u t e s  
of  Genet i c s  and Pl ant  P h y s i o l o g y ,  B i o l o g i c a l  
Research Ce n t e r ,  Hungarian Academy of  S c i ­
e n c e s ,  was held in Szeged,  Hungary,  July  9 - 1 4 ,  
1 979.
The symposium c l e a r l y  demonstrated a ra p i d l y  
growing i n t e r e s t  in p r o t o p l a s t  r e s ea rc h .  This  
was r e f l e c t e d  not only in the number o f  the  
c o u n t r i e s  re pr es ent e d  - our g ues t s  came from 
33 c o u n t r i e s  - but a l s o  in the number of  par ­
t i c i p a n t s  and c o n t r i b u t i o n s ,  exceed i ng  the  
f i g u r e s  of  300 and 140,  r e s p e c t i v e l y .
A wide spectrum of  r e s u l t s  in b a c t e r i a l ,  f un­
gal  and p l ant  p r o t o p l a s t  research  was d i s c u s ­
s ed ,  the major i n t e r e s t ,  however,  cent ered  a-  
round the f us i o n  of  p r o t o p l a s t s  and the ch a r ­
a c t e r i z a t i o n  of  the f us i o n  products .
The c o n t r i b u t i o n s  publ i shed in t h i s  volume 
w i l l  provide  the reader wi th a r e p r e s e n t a t i v e  
c r o s s - s e c t i o n  of  p r o t o p l a s t  research to - da y .
We s i n c e r e l y  hope that  the Proceedi ngs  w i l l  
s t i mu l a t e  i n v e s t i g a t i o n s  in both ba s i c  and 
appl i ed  f i e l d s  in p r o t o p l a s t  research and 
other  areas  of  modern b i o l o g y .
The E d i t o r s

PROTOPLASTS: PAST AND PRESENT
E d w ard  C.  C o c k in g
P l a n t  G e n e t i c  M a n ip u la t io n  G ro u p , D e p a r tm e n t  o f  B o ta n y ,  
U n i v e r s i t y  o f  N o t t in g h a m , U n i v e r s i t y  P a r k ,  U .K .
The te r m  'p r o t o p l a s t '  h a s  i t s  o r i g i n  i n  t h e  c y to l o g y  o f  p l a n t s  a n d  i s  
u s e d  in  B o ta n y  t o  d e s c r i b e  t h e  o r g a n iz e d  e n t i t y  o f  t h e  l i v i n g  c o m p o n e n ts  o f  
th e  p l a n t  c e l l  w h ic h  c a r r i e s  o u t  a c t i v e  m e ta b o l i s m ,  b i o s y n t h e s i s  a n d  e n e r g y  
t r a n s f e r ,  i n  c o n t r a s t  t o  t h e  e x t r a - c e l l u l a r ,  e s s e n t i a l l y  m e t a b o l i c a l l y  
i n a c t i v e  s e c o n d a r y  p l a n t  m a t t e r .  T h i s  e x p l a i n s  why t h e  p r o t o p l a s t  i s  a 
u n i f y in g  b i o l o g i c a l  e n t i t y :  w o r k e r s  i n  m ic r o b i o lo g y ,  w h e th e r  t h e y  a r e  
s t u d y i n g  f u n g i  o r  b a c t e r i a ,  a l g o l o g i s t s ,  f e r n  a n d  b r y o p h y te  i n v e s t i g a t o r s ,  
h i g h e r  p l a n t  i n v e s t i g a t o r s  a n d  a n im a l  b i o l o g i s t s  a r e  b r o u g h t  t o g e t h e r  i n  a  
s t u d y  o f  t h i s  b a s i c  b i o l o g i c a l  h o m e o s t a t i c  u n i t .  H a n s t e in  i n  1880 (1) 
w as p r o b a b ly  t h e  f i r s t  t o  u s e  t h e  te rm  'p r o t o p l a s t '  an d  t o  h a v e  i s o l a t e d  
p r o t o p l a s t s ;  h i s  d ra w in g s  show ed  p r o t o p l a s t s  w i t h i n  t h e  c e l l  w a l l s  o f  
p l a n t s  a n d  th e  r e l e a s e  o f  p r o t o p l a s t s  a n d  p o r t i o n s  o f  t h e  p r o t o p l a s t s  fro m  
c e l l s  o f  Vaucheria  ( f o r  i l l u s t r a t i o n s  s e e  (2 ) )  . C lo s e  p a r a l l e l s  b e tw e e n  
p l a s m o l y s i s  i n  p l a n t  a n d  f u n g a l  c e l l s  a n d  s u c c e s s f u l  p l a s m o l y s i s  i n  v a r i o u s  
b a c t e r i a  a p p e a r  v e r y  e a r l y  i n  t h e  m i c r o b i o l o g i c a l  l i t e r a t u r e  (3) . From 
t h e s e  s t u d i e s  i t  w as e s t a b l i s h e d  t h a t  a  f u n c t i o n a l  s e m i- p e r m e a b le  p la s m a -  
m em brane s u r r o u n d e d  th e  p r o t o p l a s t .
F o l lo w in g  p l a s m o l y s i s  o f  c e l l s  o f  l e a f  t i s s u e  o f  S t r a t io t e s  a lo id e s ,
K l e r c k e r  (4) w as t h e  f i r s t  i n  1 8 9 2 , t o  i s o l a t e  p r o t o p l a s t s .  The m eth o d  
e m p lo y e d  w as s i m i l a r  t o  t h a t  d e s c r i b e d  l a t e r  b y  C ham bers an d  H o f l e r  (5) -  a  
few  p r o t o p l a s t s  c o u ld  b e  i s o l a t e d  by  u s i n g  t h i n  s l i c e s  o f  e p id e r m is  o f  
o n io n  s c a l e  im m ersed  i n  1 .0  M s u c r o s e  u n t i l  t h e  p r o t o p l a s t s  h a d  s h r u n k  away 
fro m  t h e i r  e n c l o s i n g  w a l l s ,  a n d  th e n  c u t t i n g  s h e e t s  o f  t h e  e p id e r m is  w i th  a  
s h a r p  k n i f e .  U n d e r s ta n d a b ly  t h i s  m e c h a n ic a l  m e th o d  o f  i s o l a t i o n  was l e s s  
r e a d i l y  a p p l i c a b l e  t o  a lg a e  an d  f u n g i ,  a n d  b a c t e r i a  p r e s e n t e d  a f o r m id a b le  
p ro b le m  b e c a u s e  o f  t h e i r  s m a l l  s i z e .  A s i g n i f i c a n t  d e v e lo p m e n t  was th e  
d e s c r i p t i o n  b y  G i a j a  i n  1919 (6) o f  t h e  i s o l a t i o n  o f  p r o t o p l a s t s  fro m  y e a s t  
c e l l s  b y  d i g e s t i n g  th e  c e l l  w a l l  b y  m eans o f  g a s t r i c  j u i c e  o b t a i n e d  fro m  
th e  s n a i l  H e lix  pom atia . The r e a l i s a t i o n  t h a t  e n z y m a t ic  m e th o d s  f o r  
p r o t o p l a s t  i s o l a t i o n  m ig h t  p r o v id e  a  m e th o d  f o r  t h e  l a r g e - s c a l e  i s o l a t i o n  
o f  p r o t o p l a s t s  h a d  to  a w a i t  f o r  i t s  im p le m e n ta t io n  on s t u d i e s  on t h e  
e n z y m a t ic  d e g r a d a t i o n  o f  i s o l a t e d  c e l l  w a l l s ,  a n d  on  t h e i r  b a s i c  c o m p o s i t io n .
A m a jo r  s t i m u l u s  f o r  t h i s  came fro m  t h e  w ork  o f  S a l t o n  in  1952 (7) w h ich  
show ed  t h a t  i s o l a t e d  c e l l  w a l l s  o f  M icrococcus ly s o d e ik t ic u s  w e re  d i s s o l v e d  
b y  ly so z y m e ; t h i s  l e d  t o  t h e  u s e  o f  ly so z y m e  ( 8 ,9 )  f o r  t h e  i s o l a t i o n  o f  
p r o t o p l a s t s  fro m  B a c i l lu s  m egaterium . I n t e r e s t i n g l y  p o l y e t h y l e n e  g l y c o l  
(7 .5% ) w as u s e d  t o  s t a b i l i s e  t h e s e  p r o t o p l a s t s  o s m o t i c a l l y  (9) . (F o r
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d e t a i l s  o f  t h e  v a r i o u s  p r o c e d u r e s  f o r  t h e  c o n v e r s io n  o f  b a c t e r i a  i n t o  
p r o t o p l a s t s  s e e  ( 1 0 ,1 1 ) .  T h is  e a r l y  w ork  on  b a c t e r i a l  p r o t o p l a s t s  w as 
d o m in a te d  b y  c o n s i d e r a t i o n  o f  th e  e x t e n t  t o  w h ic h  w a l l  re m o v a l h a d  
o c c u r r e d ,  p a r t i c u l a r l y  th e  p ro b le m s  o f  i s o l a t i n g  p r o t o p l a s t s  fro m  
G r a m -n e g a tiv e  b a c t e r i a .  A f t e r  d i s i n t e g r a t i o n  o f  b a c t e r i a l  p r o t o p l a s t s  by  
o s m o t ic  s h o c k ,  e x t e n s i v e  s t u d i e s  w e re  a l s o  c a r r i e d  o u t  on  th e  n a t u r e  a n d  
b io c h e m ic a l  p r o p e r t i e s  o f  r e s u l t i n g  s u b c e l l u l a r  f r a g m e n t s ,  p a r t i c u l a r l y  t h e  
c y to p la s m ic  m em brane . S t u d i e s  o n  th e  i n t e r a c t i o n  o f  b a c t e r i o p h a g e s  w i th  
p r o t o p l a s t s  o f  B .m egaterium  sh o w ed  th em  t o  b e  r e s i s t a n t  t o  p h a g e ,  w h ic h  i s  
i n f e c t i v e  f o r  th e  b a c i l l a r y  fo rm  o f  t h e  o r g a n is m :  t h i s  e s t a b l i s h e d  t h e  n e e d  
f o r  p h a g e  r e c e p t o r  s i t e s  on  th e  c e l l  s u r f a c e  a s s o c i a t e d  w i t h  t h e  p r e s e n c e  o f  
t h e  c e l l  w a l l .  I t  a l s o  p r o v i d e d  some s u g g e s t i o n  t h a t  su c h  p r o t o p l a s t s  c o u ld  
b e  r e a d i l y  i n f e c t e d  b y  th e  ENA o f  t h e  p h a g e  (12) . T h ese  b a s i c  s t u d i e s  on 
b a c t e r i a l  p r o t o p l a s t s  r e - s t i m u l a t e d  i n t e r e s t  i n  th e  i s o l a t i o n  o f  p r o t o p l a s t s  
fro m  y e a s t s  a n d  fro m  f i l a m e n t o u s  f u n g i ,  a n d  p a r t i c u l a r l y  t h e  u s e  o f  m e th o d s  
i n v o l v i n g  e n z y m a t ic  w a l l  d e g r a d a t i o n .  Y e a s t  p r o t o p l a s t s  w e re  i s o l a t e d  i n  
1957 b y  E ddy a n d  W il l ia m s o n  (13) u s i n g  t h e  b a s i c  p r o c e d u r e  o f  G i a j a  (1919)
(6) i n v o l v i n g  u s e  o f  en zy m es p r e s e n t  i n  t h e  d i g e s t i v e  j u i c e  o f  s n a i l s  -  
l a t e r  e x te n d e d  t o  t h e  u se  o f  m i c r o b i a l  enzym e p r e p a r a t i o n s  ( 1 4 ) .  A 
c o n s i d e r a b l e  am o u n t o f  w o rk  w as d e v o te d  t o  t h e  e v a l u a t i o n  o f  t h e  c a p a b i l i t y  
o f  b o th  b a c t e r i a l  a n d  f u n g a l  p r o t o p l a s t s  t o  r e b u i l d  r i g i d  c e l l  w a l l s ,  an d  
t o  r e v e r t  t o  n o rm a l v i a b l e  c e l l s .  T h e se  s t u d i e s  w e re  p a r t i c u l a r l y  i m p o r t a n t  
b e c a u s e  th e y  e s t a b l i s h e d  t h a t  su c h  p r o t o p l a s t s  p o s s e s s e d  m a jo r  s y n t h e t i c  
c a p a b i l i t i e s :  th e y  a l s o  l a i d  t h e  f o u n d a t io n  f o r  t h e  g e n e t i c  m a n i p u l a t i o n  o f  
p r o t o p l a s t s  -  m e th o d s  w h ic h  w e re  h o w e v e r  t o  p o s t - d a t e  t h e s e  e a r l i e r  b a s i c  
s t u d i e s .
C o m p arab le  e n z y m a t ic  m e th o d s  f o r  t h e  i s o l a t i o n  o f  p l a n t  p r o t o p l a s t s  o n ly  
b ecam e  a v a i l a b l e  i n  1 9 6 0 . A t t h a t  t im e  a l t h o u g h  m uch w as known a b o u t  t h e  
c o m p o s i t io n  o f  p l a n t  c e l l  w a l l s ,  an d  v a r i o u s  c e l l u l a s e s  w e re  a v a i l a b l e  
c o m m e rc ia l ly ,  n o b o d y  h a d  s u c c e s s f u l l y  u t i l i s e d  su c h  c e l l  w a l l  d e g r a d in g  
en zy m es f o r  t h e  i s o l a t i o n  o f  p r o t o p l a s t s .  A t t h a t  t im e  I  t e s t e d  a b o u t  
tw e n ty  d i f f e r e n t  c e l l u l a s e  p r e p a r a t i o n s  fro m  c o m m e rc ia l  s o u r c e s  t o  s e e  i f  
p r o t o p l a s t s  c o u ld  b e  i s o l a t e d  fro m  p l a n t  r o o t s .  A l l  w e re  n e g a t i v e .  K now ing 
t h a t  t h e r e  h a d  b e e n  e x t e n s i v e  w o rk  on c e l l u l o s e  d e g r a d in g  en zym es d u r in g  
th e  S e c o n d  W o rld  W ar ( p r i n c i p a l l y  I  am t o l d  b e c a u s e  o f  f u n g a l  a t t a c k  on 
A m erican  t e n t s  i n  th e  P a c i f i c )  I  o b t a i n e d  a  sa m p le  o f  Myrotheoium verruoaria  
c e l l u l a s e  fro m  D r. W h ita k e r  o f  th e  C a n a d ia n  N a t io n a l  R e s e a rc h  C o u n c il  e a r l y  
i n  1960  -  i t  w as s e n t  t o  me i n  J a n u a r y  1 9 6 0 , an d  I  s t i l l  h a v e  a  s m a l l  s a m p le  
o f  t h i s  r e l a t i v e l y  c ru d e  enzym e p r e p a r a t i o n .  I n  h i s  c o v e r in g  l e t t e r  
D r. W h ita k e r  in fo rm e d  me t h a t  i t s  a c t i o n  on c r y s t a l l i n e  c e l l u l o s e  w o u ld  be 
s lo w ,  w i th  th e  i m p l i c a t i o n  t h a t  i t  w o u ld  be  u n s u i t a b l e  f o r  a t t e m p t s  to  
i s o l a t e  p r o t o p l a s t s .  I  t h e r e f o r e  p u t  h i s  sam p le  a t  th e  b o t to m  o f  t h e  d e ep  
f r e e z e  -  o n ly  when e v e r y t h i n g  e l s e  h a d  f a i l e d  t o  do a n y th in g  d i d  I  t e s t  h i s  
p r e p a r a t i o n  -  i t  p r o d u c e d  p r o t o p l a s t s . 1 (15) , a n d  in d e e d  was th e  o n ly  a c t i v e  
enzym e m ix tu r e  t h a t  I  h a d  a v a i l a b l e  f o r  s e v e r a l  y e a r s  u n t i l  t h e  d e v e lo p m e n t 
o f  c o m m e rc ia l ly  a v a i l a b l e  c e l l u l a s e s  i n  J a p a n  f o r  p r o t o p l a s t  i s o l a t i o n  ( 1 6 ) .
A g a in s t  t h i s  g e n e r a l  h i s t o r i c a l  b a c k g ro u n d  i t  i s  u n d e r s t a n d a b le  t h a t  th e  
f i r s t  I n t e r n a t i o n a l  Sym posium  o f  P r o t o p l a s t s  s h o u ld  h a v e  b e e n  o n e  on Y e a s t  
P r o t o p l a s t s .  T h is  w as h e l d  a t  J e n a  a t  t h e  I n s t i t u t  f u r  M ik r o b io lo g ie  und  
E x p e r i m e n t e l l e  T h e r a p ie ,  i n  S e p te m b e r  1965 ( 1 7 ) .  S in c e  t h a t  t im e  a  s e r i e s  
o f  I n t e r n a t i o n a l  S y m p o sia  h a v e  b e e n  h e l d :  th e  s e c o n d  i n  B rn o  i n  1968  
(S e c o n d  I n t e r n a t i o n a l  Sym posium  on Y e a s t  P r o t o p l a s t s )  (18) : t h e  t h i r d  i n  
S a la m a n c a  i n  1972 ( T h ir d  I n t e r n a t i o n a l  Sym posium  on Y e a s t  P r o t o p l a s t s )  (19) : 
th e  f o u r t h  i n  N o t t in g h a m  in  1975 ( F o u r th  I n t e r n a t i o n a l  Sym posium  on Y e a s t
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a n d  o t h e r  P r o t o p l a s t s )  (20) a n d  t h e  f i f t h  i s  now b e in g  h e l d  h e r e  i n  S z e g e d  
u n d e r  t h e  t i t l e  o f  th e  F i f t h  I n t e r n a t i o n a l  P r o t o p l a s t  Sym posium . I t  i s  
p a r t i c u l a r l y  f i t t i n g  t h a t  t h i s  F i f t h  Sym posium  s h o u ld  en co m p ass  a l l  ty p e s  o f  
p r o t o p l a s t ,  b e c a u s e  i t  p r o v i d e s  u s  w i th  t h e  o p p o r t u n i t y  o f  d ra w in g  
p a r a l l e l s  a n d  a p p r e c i a t i n g  th e  d i f f e r e n c e s  b e tw e e n  p r o t o p l a s t s  fro m  m ic r o ­
o r g a n is m s ,  a l g a e ,  f e r n s ,  b r y o p h y te s  a n d  p l a n t s  i n  g e n e r a l .  P l a n t  g e n e t i c  
m a n ip u la t i o n  w i l l  b e n e f i t  g r e a t l y  b y  s u c h  c r o s s  f e r t i l i s a t i o n  o f  i d e a s ,- 
t e c h n i q u e s  a n d  m e th o d o lo g ie s .  I t  i s  a l s o  p a r t i c u l a r l y  f i t t i n g  t h a t  t h i s  
Sym posium  s h o u ld  b e  h e l d  i n  S z e g e d . N o t o n ly  b e c a u s e  o f  t h e  s t e a d y  o n g o in g  
w o rk  b o th  i n  t h i s  B i o l o g i c a l  I n s t i t u t e  on p l a n t  an d  b a c t e r i a l  p r o t o p l a s t s  
a n d  in  t h e  U n i v e r s i t y  o f  S z e g e d  on f u n g a l  p r o t o p l a s t s , b u t  a l s o  b e c a u s e  
t h e s e  s t u d i e s  e p i t o m is e  t h e  p h i lo s o p h y  an d  a s p i r a t i o n s  o f  t h a t  g r e a t  
s c i e n t i f i c  so n  o f  S z e g e d ,  A l b e r t  S z e n t- G y ő rg y i ;  a n d  may p r o v i d e  u s  w i th  an  
o p p o r t u n i t y  "T o  s e e  w h a t  e v e ry o n e  h a s  s e e n  a n d  t h i n k  w h a t  no  o n e  h a s  
t h o u g h t .  " ( 2 1 ) .
T he e a r l y  w o rk  on  p l a n t  p r o t o p l a s t s  ( s e e  2) , w as l a r g e l y  c o n c e rn e d  w i th  
c y t o l o g i c a l  s t u d i e s .  As e a r l y  a s  1939 P low e (22) , w o rk in g  w i t h  o n io n  
p r o t o p l a s t s  s t a b i l i z e d  i n  0 .5 6  M s u c r o s e ,  w as a b le  t o  d e m o n s tr a te  t h e  
p r e s e n c e  i n  su c h  p r o t o p l a s t s  o f  a  m o r p h o lo g ic a l  p la s m a  m em brane an d  
t o n o p l a s t  b y  m i c r o d i s s e c t i o n  an d  m a n ip u la t i o n  w i th  g l a s s  n e e d l e s .  She  w as 
a l s o  a b le  t o  d e m o n s tr a te  t h e  d i f f e r e n t i a l  p e r m e a b i l i t y  o f  b o t h  t h e  t o n o p l a s t  
an d  th e  p la s m a  m em brane. T h is  w ork  e x te n d e d  t o  t h e  P l a n t  K ingdom  th e  
c l a s s i c a l  w ork o f  C ham bers (19 61) (23) on th e  n a tu r e  o f  a n im a l c y to p la s m  
a n d  m em b ran es. I t  s e r v e d  t o  e m p h a s is e  t h e  b a s i c  s i m i l a r i t i e s  b e tw e e n  c e l l s  
a t  t h i s  l e v e l .
F o r  many y e a r s  p l a n t  p r o t o p l a s t s  r e m a in e d  l a r g e l y  a s  c y t o l o g i c a l  c u r i o s i t i e s  
o f  l i t t l e  i n t e r e s t  t o  p h y s i o l o g i s t s ,  b i o c h e m is t s  o r  g e n e t i c i s t s .  T h e re  w as 
e v e n  a  poem  com posed  a b o u t  p r o t o p l a s t s  a s  p h y s i c o - c h e m ic a l  s y s te m s  (2 4 ). To my 
m in d  o n e  o f  th e  m o s t u s e f u l  a c t i v i t i e s  e x h i b i t e d  b y  p r o t o p l a s t s  i s  t h a t  o f  
c e l l  w a l l  r e g e n e r a t i o n .  From my e a r l y  s t u d i e s  on  t h e  s h o r t - t e r m  c u l t u r e  o f  
e n z y m a t i c a l l y  i s o l a t e d  to m a to  r o o t  p r o t o p l a s t s  (25) , i t  w as c o n c lu d e d  t h a t  
i t  seem ed  l i k e l y  t h a t  t h e s e  p r o t o p l a s t s  f i r s t  d e v e lo p  some form  o f  p r im a r y  
c e l l u l o s e  w a l l ,  a n d  t h e n ,  p a r a l l e l  t o  t h e i r  l a t e r  d e v e lo p m e n t th e y  a c q u i r e  
some a s p e c t s  o f  th e  b e h a v i o u r  o f  f r e e l y  s u s p e n d e d  i s o l a t e d  c e l l s .  T h is  
f o r e c a s t  was p ro v e d  t o  b e  c o r r e c t  w i th  t h e  d e m o n s t r a t io n  o f  w a l l  
r e g e n e r a t i o n  b y  i s o l a t e d  to m a to  f r u i t  p r o t o p l a s t s  (26) , a n d  t h e  s u b s e q u e n t  
d e m o n s t r a t io n  t h a t  t h i s  c o u ld  r e s u l t  i n  t h e i r  s u s t a i n e d  d i v i s i o n  (27) .
The e a r l y  s t u d i e s  on th e  d i v i s i o n  o f  H ap lo p a p p u s  p r o t o p l a s t s  (28) s h o w e d  
t h a t  n u c l e a r  d i v i s i o n  ( m i t o s i s )  was t a k i n g  p l a c e  w h i le  t h e  p r o t o p l a s t s  
w e re  r e m a in in g  a s  n a k e d  c e l l s ,  a n d  b e f o r e  any  w a l l  r e g e n e r a t i o n  h a d  
ta k e n  p l a c e .  I t  w as l a t e r  o b s e r v e d  t h a t ,  i f  s u i t a b l y  c u l t u r e d .  Petunia 
l e a f  p r o t o p l a s t s  w o u ld  u n d e rg o  n u c l e a r  d i v i s i o n ,  g i v in g  r i s e  t o  b i n u c l e a t e  
p r o t o p l a s t s ,  a n d  t h a t  l a t e r ,  f o l lo w in g  w a l l  r e g e n e r a t i o n  th e y  u n d e rg o  b o th  
m i t o s i s  a n d  c y t o k i n e s i s  ( 2 9 ,3 0 ) .  I t  seem s l i k e l y  t h a t  o n c e  w a l l  
r e g e n e r a t i o n  h a s  becom e i n i t i a t e d ,  m i t o s i s  an d  c y t o k i n e s i s  t e m p o r a l  
r e l a t i o n s h i p s  may b e  a d j u s t e d  t o  e a c h  o t h e r ,  u n t i l  t h e  s i t u a t i o n  i s  s i m i l a r  
t o  t h a t  n o r m a l ly  fo u n d  in  c u l t u r e d  c e l l s  u n d e r g o in g  d i v i s i o n  ( 3 1 ,3 2 ) .  From  
t h e s e  o b s e r v a t i o n s  i t  w as l o g i c a l  t o  e x p e c t  t h a t  when a  s p e c i f i c  i n h i b i t o r  
o f  w a l l  s y n t h e s i s  w as a v a i l a b l e  i t s  e f f e c t  on  p r o t o p l a s t s  w o u ld  b e  t o  h av e  
n o  e f f e c t  on  n u c l e a r  d i v i s i o n ,  b u t  c y t o k i n e s i s  w o u ld  b e  t o t a l l y  i n h i b i t e d ,  
s o  t h a t  m u l t i - n u c l e a t e  p r o t o p l a s t s  w o u ld  b e  o b t a i n e d  (33) . T h ese  s t u d i e s  
on  c e l l  w a l l  r e g e n e r a t i o n  b y  p r o t o p l a s t s  h a v e  p r o v id e d  a  w e a l th  o f  new 
i n f o r m a t i o n ,  p a r t i c u l a r l y  on  t h e  e a r l y  s t a g e s  o f  w a l l  s y n t h e s i s  a n d  t h e
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e a r l y  o r g a n i s a t i o n  o f  t h e  w a l l  ( 3 4 ,3 5 ) .  T h ese  s t u d i e s  h a v e  a l s o  f o c u s s e d  
a t t e n t i o n  on  t h e  n a t u r e  o f  th e  p la s m a  m em brane in  p r o t o p l a s t  s y s te m s ,  an d  
th e  im p o r ta n c e  o f  an y  g l y c o - c a l y x  ( 3 6 ) .  I n d e e d ,  a s  f a r  a s  f u n g a l  p r o t o ­
p l a s t s  a r e  c o n c e r n e d ,  a s  r e c e n t l y  d i s c u s s e d  b y  P e b e rd y  (37) , t h i s  p r o c e s s  
o f  w a l l  r e g e n e r a t i o n  an d  s u b s e q u e n t  r e v e r s i o n  h a s  b e e n  t h e  a s p e c t  o f  f u n g a l  
p r o t o p l a s t s  m o s t e x t e n s i v e l y  s t u d i e d  so  f a r .  The u s e  o f  b a c t e r i a l  
p r o t o p l a s t s  i n  g e n e t i c  m a n ip u la t i o n  s t u d i e s  w as h e l d  b a c k  b y  t h e  a p p a r e n t  
i n a b i l i t y  o f  p r o t o p l a s t s  o f  G r a m - p o s i t iv e  b a c t e r i a  t o  r e v e r t  t o  t h e  
b a c i l l a r y  c o n d i t i o n  ( 1 2 ) .  I n  1962 Landman a n d  H a l le  r e - d i s c o v e r e d  (38) i n  
B. s u b t i l i S j  w h a t N e ^ a s  h a d  a l r e a d y  fo u n d  i n  y e a s t  i n  1961 (39) , t h a t  25% 
g e l a t i n  medium  w as e x t r e m e ly  e f f e c t i v e  i n  p r o m o tin g  r e v e r s i o n  o f  
p r o t o p l a s t s .  As d i s c u s s e d  b y  Landm an a n d  C a s t r o - C o s t a  (40) a l l  b a c t e r i a l  
s t r a i n s  t h a t  h a v e  b e e n  e x a m in e d  e x p e r i e n c e d  d i f f i c u l t y  i n  r e s t a r t i n g  a  new 
w a l l  o n c e  a l l  t h e  o l d  w a l l  h a s  b e e n  l o s t .  C l e a r l y ,  when p r o t o p l a s t s  g iv e  
r i s e  to  L c o lo n i e s  c o n s i s t i n g  o f  w a l l - l e s s  i r r e g u l a r l y  s h a p e d  L b o d ie s  
t h i s  c o n d i t i o n  h a s  becom e a  s p e c i a l  h e r i t a b l e  c h a n g e . W h e th e r  s u c h  a  
c o n d i t i o n  c o u ld  o p e r a t e  i n  f u n g i  a n d  p l a n t  p r o t o p l a s t s  i s ,  a s  y e t ,  
u n r e s o lv e d ;  b u t  t h e  r e c e n t  s t u d i e s  o f  H e r th  a n d  M eyer (33) o n  th e  c y to lo g y  
o f  b u d d in g  an d  c le a v a g e  i n  d i v i d i n g  p r o t o p l a s t s  a r e  im p ro v in g  o u r  k n o w led g e  
i n  t h i s  a r e a .  S u c h  c o lo n i e s  w o u ld  b e  p a r t i c u l a r l y  u s e f u l  i n  much t h e  same 
way a s  t h e  w a l l - l e s s  m u ta n ts  o f  Chlamydomonas h a v e  p ro v e d  t o  b e  (41) .
P r o t o p l a s t s ,  s im p ly  a s  p r o t o p l a s t s ,  o f f e r  an  im p o r ta n t  b i o l o g i c a l  e n t i t y  
f o r  many p h y s i o l o g i c a l  an d  b io c h e m ic a l  s t u d i e s  a s  e v id e n c e d  b y ,  f o r  i n s t a n c e  
s t u d i e s  on  th e  p h o t o s y n t h e s i s  o f  i s o l a t e d  p r o t o p l a s t s ,  p r o t o p l a s t  e x t r a c t s  
a n d  c h l o r o p l a s t s  o f  w h e a t  (42) , an d  b y  t h e  a b i l i t y  to  i s o l a t e  g u a r d  c e l l  
p r o t o p l a s t s  fro m  o n io n  a n d  to b a c c o  ( 4 3 ) .  The a v a i l a b i l i t y  o f  p r o t o p l a s t s  
fro m  g u a r d  c e l l s  a n d  s t o m a t a l  c e l l  i n i t i a l s  w i l l  a l lo w  m ore d i r e c t  
a p p ro a c h e s  to  q u e s t i o n s i n  s t o m a t a l  d e v e lo p m e n t an d  f u n c t i o n .  F r a c t i o n a t i o n  
o f  p r o t o p l a s t s  t o  p r o v id e  th e  l a r g e  s c a l e  i s o l a t i o n  o f  m a tu re  p l a n t  
v a c u o le s  i s  now p o s s i b l e  (44) , a n d  s i m i l a r  a p p r o a c h e s  h a v e  b e e n  u s e d  f o r  
t h e  i s o l a t i o n  o f  v a c u o le s  fro m  f u n g a l  p r o t o p l a s t s .  As d i s c u s s e d  by  C o c k in g  
(2) , t h e  b e h a v io u r  o f  p r o t o p l a s t s  when s u b j e c t e d  to  a  c e n t r i f u g a l  f o r c e  i s  
o f  p a r t i c u l a r  i n t e r e s t ,  a n d  t h i s  b e h a v io u r  i s  v e r y  r e m i n i s c e n t  o f  t h e  
p l a s m o l y s i s  e f f e c t s  o b s e r v e d  i n  c e r t a i n  e lo n g a t e d  a l g a l  c e l l s  . P r o t o p l a s t s  
o f  some s p e c i e s  r e a d i l y  d i v i d e ,  w i t h o u t  r u p t u r e  o f  t h e  p la s m a  m em brane i n t o  
s e v e r a l  s m a l l e r  s t r u c t u r e s ,  c a l l e d  s u b - p r o t o p l a s t s  -  t h e  p la s m a  m em brane i s  
a p p a r e n t l y  s e l f  s e a l i n g .  E n u c le a t e d  s u b p r o t o p l a s t s  (a n d  n u c l e a t e d  
s u b p r o t o p l a s t s  w i th  a  m in im a l am oun t o f  c y to p la sm )  h a v e  th e r e b y  b e e n  
o b t a i n e d  w i th  a  minimum o f  d i s t u r b a n c e  t o  t h e  o r g a n i s a t i o n  o f  t h e  p r o to p la s m , 
a n d  a t  no  s t a g e  h a s  th e  p la s m a  m em brane b e e n  b u r s t  o p e n  (a s  i t  i s  when 
i s o l a t i n g  v a c u o le s )  , e x p o s in q  th e  c y to p la s m  d i r e c t l y  t o  th e  e x t e r n a l  
m edium . R e c e n t ly  t h e r e  h a s  b e e n  re n e w e d  i n t e r e s t  i n  t h e  u s e  o f  
s u b p r o t o p l a s t s  m a in ly  i n  r e l a t i o n  t o  f u s i o n  s t u d i e s  (45) , b u t  th e y  c o u ld  
a l s o  b e  u s e d  v e r y  m e a n in g f u l ly  i n  a s s e s s m e n ts  o f  t h e  r o l e  o f  t h e  n u c le u s  
i n  t h e  c o n t r o l  o f  c e l l  w a l l  s y n t h e s i s  i n  p r o t o p l a s t s .  P r o t o p l a s m i c  u n i t s  
fo rm e d  fro m  p r o t o p l a s t s ,  b u t  s u r r o u n d e d  by  an  i n n e r  m em brane o f  th e  
p r o t o p l a s t  p r o b a b ly  d i s t i n c t  fro m  th e  p la s m a  m em brane , a r e  a l s o  o f  i n t e r e s t ,  
p a r t i c u l a r l y  t h e  r e l a t i o n s h i p  o f  t h e  m em brane s u r r o u n d in g  t h e s e  u n i t s  to  
th e  m em branes o f  t h e  e n d o p la s m ic  r e t i c u l u m  ( 4 6 ) .  M ost o f  t h e  c u r r e n t  
i n t e r e s t  i n  t h e s e  s u b p r o t o p l a s t s  an d  p r o t o p la s m i c  u n i t s  h a s  stem m ed fro m  
th e  r e c o n s t r u c t i o n  o f  c e l l s  fro m  c e l l  f r a g m e n ts  o f  a n im a l c e l l s  ( f o r  a  
d e t a i l e d  d i s c u s s i o n  s e e  ( 4 7 ) ) .
An a t t r a c t i v e  f e a t u r e  o f  b a c t e r i a l  a n d  f u n g a l  p r o t o p l a s t  s y s te m s  i s  t h e  
r e a d i n e s s  w i th  w h ic h  r e v e r s i o n  t a k e s  p l a c e .  T h is  r e a d i l y  e n a b l e s  t h e
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c o n s e q u e n c e s  o f  g e n e t i c  m a n i p u l a t i o n  a t  t h e  p r o t o p l a s t  l e v e l  t o  b e  a n a l y s e d  
C e r t a i n  a l g a l  a n d  m oss p r o t o p l a s t  s y s te ra s  o c c u p y  an i n t e r m e d i a r y  p o s i t i o n  
in  t h i s  r e s p e c t .  The s i t u a t i o n  r e g a r d i n g  p l a n t  p r o t o p l a s t s  i s  v e r y  
v a r i a b l e  r a n g in g  fro m  f a i l u r e  t o  e v e n  d i v i d e ,  f o l lo w in g  w a l l  r e g e n e r a t i o n ,  
t o  t h e  r e a d y  e s t a b l i s h m e n t ,  a t  h i g h  f r e q u e n c y  o f  c e l l  c o lo n y  f o r m a t i o n ,  an d  
w h o le  f e r t i l e  p l a n t  r e g e n e r a t i o n .  F o r  p l a n t  p r o t o p l a s t s  t h i s  i s  an  a r e a  
w h e re  m uch f u r t h e r  w o rk  i s  r e q u i r e d ;  a n d  i n d e e d  i t  i s  l a c k  o f  k n o w le d g e  o f  
t h e  c o n t r o l  o f  c e l l  d i v i s i o n  i n  m any s p e c i e s  ( p a r t i c u l a r l y  c r o p  s p e c i e s )
(48) w h ic h  i s  d e l a y i n g  th e  a p p l i c a t i o n  o f  t h e  u s e  o f  p r o t o p l a s t s  f o r  c r o p  
im p ro v e m e n t. I t  i s  v e r y  e n c o u r a g in g  t h a t  t h e r e  i s  a  s u g g e s t i o n  t h e  . p l a n t  
p r o t o p l a s t  r e v e r s i o n  can  o c c u r  e i t h e r  v i a  c a l l u s  o r  e m b ry o id  f o r m a t io n  
d e p e n d in g  o n  c u l t u r a l  c o n d i t i o n s  o p e r a t i n g  o n  a  p a r t i c u l a r  s p e c i e s  ( 4 9 ,5 0 ) .
T he u s e  o f  p r o t o p l a s t s  f o r  g e n e t i c  m a n i p u l a t i o n s  c e n t r e s  on two m a jo r  a r e a s :  
o n e  c o n c e r n s  th e  u s e  o f  p r o t o p l a s t s  i n  t r a n s f o r m a t i o n  s t u d i e s ,  a n d  t h e  
o t h e r  t h e  o b t a i n i n g  o f  g e n e t i c  r e c o m b in a t io n  o r  new g e n e t i c  v a r i a b i l i t y  b y  
p r o t o p l a s t  f u s i o n .  J u s t  a s  f o r  S z e n t- G y 5 rg y i ( 2 1 )  h i s  p a s t  s u c c e s s e s  (a n d  
f a i l u r e s )  w e re  n e v e r  a  h i n d r a n c e  t o  h im  -  w i t h  c o n f id e n c e  h e  p r o n o u n c e s ,
" I  n e v e r  lo o k  b a c k ,  I  o n ly  lo o k  f o r w a r d ,"  a n d  j u s t  a s  f o r  R .L . S t e v e n s o n ,
"To t r a v e l  h o p e f u l l y ,  i s  b e t t e r  th a n  to  a r r i v e  s a f e l y , "  s o  i t  i s  w i th  
i n v e s t i g a t o r s  when u s i n g  p r o t o p l a s t s  f o r  g e n e t i c  m a n i p u l a t i o n )
The e a r l y  w o rk  on t h e  u p ta k e  o f  v i r u s e s  a n d  EUA b y  p r o t o p l a s t s  h a s  b e e n  
w e l l  d o c u m e n te d  i n  s e v e r a l  e a r l i e r  re v ie w 's  a n d  k e y  p a p e r s  b o t h  f o r  
b a c t e r i a l  (12) , f u n g a l  a n d  p l a n t  p r o t o p l a s t  s y s te m s  ( 5 1 ,5 2 ,5 3 )  , a s  h a s  a l s o  
w ork  on p r o t o p l a s t  f u s i o n  o f  b a c t e r i a l ,  f u n g a l ,  m oss a n d  h i g h e r  p l a n t  
s y s te m s  (54) . W hat w i l l  b e  m o s t  u s e f u l  a t  t h i s  f i f t h  la n d m a rk  i n  t h e  
d e v e lo p m e n t  o f  o u r  u n d e r s t a n d i n g  a n d  u t i l i s a t i o n  o f  p r o t o p l a s t s  i s  t o  t r y  
to  a s s e s s  w h a t  new d im e n s io n  o r  p e r s p e c t i v e  i s  a r i s i n g  fro m  t h e  u s e  o f  
p r o t o p l a s t  m e th o d o lo g y  i n  t h i s  r e s p e c t .
I  t h in k  t h a t  B o t a n i s t s  c an  c o n g r a t u l a t e  th e m s e lv e s  on  h a v in g  p r o v i d e d ,  fro m  
t h i s  w ork  on t h e  f u s i o n  o f  p l a n t  p r o t o p l a s t s ,  a  f r e s h  im p e tu s  f o r  t h e  f u s i o n  
o f  b a c t e r i a l  a n d  f u n g a l  p r o t o p l a s t s  a n d  a l s o  e v e n  o f  a n im a l  c e l l s .  H op- 
w o o d  (55) a n d  B a l t z  (56) d e t e c t e d  r e c o m b in a n t  p ro g e n y  i n  i n t r a - s t r a i n  
m ix tu r e s  o f  g e n e t i c a l l y  m a rk e d  Streptomycete  p r o t o p l a s t s  w h ic h  h a d  b e e n  
a l lo w e d  t o  r e g e n e r a t e  a f t e r  t r e a t m e n t  w ith , p o l y e t h y l e n e  g l y c o l .  More 
r e c e n t l y ,  u l t r a  v i o l e t  r a d i a t i o n  o f  p a r e n t a l  p r o t o p l a s t s  im m e d ia te ly  b e f o r e  
f u s i o n  h a s  b e e n  u s e d  t o  i n c r e a s e  t h e  p r o p o r t i o n  o f  r e c o m b in a n t s  (57) . 
S z e n t- G y o rc y iw o u ld  h a v e  b e e n  p l e a s e d  t o  s e e  s u c h  b a s i c  s t u d i e s  p r o v i d in g  a 
n o v e l  a p p r o a c h  i n  i n d u s t r i a l  s t r a i n  im p ro v e m e n t p ro g ram m es! T h ese  s t u d i e s  
w e re  g r e a t l y  f a c i l i t a t e d  b y  t h e  r e a d y  a v a i l a b i l i t y  o f  s t r e p to m y c e s  
d e r i v a t i v e s  c a r r y i n g  s u i t a b l e  g e n e t i c  m a r k e r s  t h a t  c o u ld  b e  u s e d  f o r  
c o m p le m e n ta t io n  s e l e c t i o n .  T h is  ty p e  o f  w ork  on b a c t e r i a l  r e c o m b in a t io n  
by  p r o t o p l a s t  f u s i o n  w as l a r g e l y  i n i t i a t e d  b y  t h e  p i o n e e r in g  s t u d i e s  i n  
1976 b y  F o d o r  a n d  A l f S l d i  (58) , h e r e  i n  S z e g e d  a n d  by  S c h a e f f e r  e t  a l  (59) . 
T h e s e  w o r k e r s ,  w i th  c h a r a c t e r i s t i c  p r e - s c i e n c e ,  saw  from  t h e i r  s t u d i e s  
u s in g  B. megateriwn  a n d  B. s u b t i l i s  t h a t  s u c h  b a c t e r i a l  p r o t o p l a s t  f u s i o n s  
m ig h t  b e  a  new t o o l  .in b a c t e r i a l  g e n e t i c s ,  p r o v i d i n g  d i p l o i d  b a c t e r i a ,  o r  
h y b r i d s  o f  b a c t e r i a .  I n  m ore r e c e n t  s t u d i e s ,  on t h e  p o l y e t h y l e n e  g l y c o l  
in d u c e d  f u s i o n  o f  b a c t e r i a l  p r o t o p l a s t s .  F o d o r  a n d  A l f S l d i  (60) . w h i l s t  a b le  
t o  d i r e c t l y  s e l e c t  r e c o m b in a n t s ,  n o t e d  a  m ark e d  i n f l u e n c e  o f  t h e  
p h y s i o l o g i c a l  c o n d i t i o n  o f  t h e  p r o t o p l a s t s  on  r e c o m b in a n t  f r e q u e n c i e s .
As d i s c u s s e d  b y  P e b e rd y  (37) p r o t o p l a s t  f u s i o n  i n  t h e  f i l a m e n t o u s  f u n g i  
h a s  b e e n  u s e d  t o  p ro d u c e  h e te r o k a r y o n s  (w h ic h  i s  a  s t a b l e  c o n d i t i o n )  b e tw e e n
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s t r a i n s  o f  AspevgiZZus niduZans  t h a t  a r e  i n c o m p a t i b l e  u s i n g  c o n v e n t i o n a l  
m e th o d s  (61) . I n  s t u d i e s  on Cephalosporum acremonium d i r e c t  s e l e c t i o n  f o r  
p r e s u m p t iv e  h a p l o i d  r e c o m b in a n t s  w as e m p lo y e d  (62) -  p r o t o p l a s t  f u s i o n  
e n a b l e d  p a r e n t a l  n u c l e i  t o  b e  b r o u g h t  i n t o  c l o s e  p r o x i m i t y  -  an  a d v a n ta g e  
b e c a u s e  h y p n a l  c e l l s  a r e  m a in ly  u n i n u c l e a t e  a n d  j u x t a p o s i t i o n i n g  o f  n u c l e i  
i n  su c h  c e l l s  i s  i n f r e q u e n t .  P r o t o p l a s t  f u s i o n  w as f a c i l i t a t i n g  t h e  
o p p o r t u n i t y  f o r  p a r a s e x u a l  r e c o m b in a t io n .  I n d e e d  a f t e r  p r o t o p l a s t  f u s i o n  
t h e s e  w o r k e r s  s u c c e e d e d  i n  b r e e d i n g  a s t r a i n  o f  C. acremonium sh o w in g  a 
40% im p ro v e m e n t i n  c e p h a lo s p o r in  C t i t r e .  Som ew hat s i m i l a r  r e c o m b in a t io n  
a f t e r  p r o t o p l a s t  f u s i o n  h a s  b e e n  o b s e r v e d  i n  t h e  y e a s t  Candida t r o p i c a l i s  
(63) . P a r a l l e l  w i t h  t h e s e  i n t r a - s p e c i f i c  s t u d i e s  h a s  b e e n  an  a n a l y s i s  o f  
t h e  u s e  o f  f u s i o n  t e c h n i q u e s  i n  t h e  p r o d u c t i o n  o f  i n t e r - s p e c i f i c  a n d  i n t e r ­
g e n e r i c  h y b r i d s ,  a n d  a  m a jo r  a m o u n t o f  t h i s  w o rk  h a s  b e e n  c a r r i e d  o u t  h e r e  
i n  S z e g e d  b y  L a j o s  F e r e n c z y  a n d  h i s  c o - w o r k e r s  ( f o r  a  d e t a i l e d  d i s c u s s i o n  
s e e  ( 3 7 ) ) . As m e n t io n e d  b y  P e b e r d y  a  m e a n in g fu l  e x p l a n a t i o n  o f  t h e  c o r r e c t  
p o s i t i o n  r e g a r d i n g  th e  n u c l e a r  i n t e r a c t i o n s  i n  t h e s e  s y s te m s  w o u ld  seem  
i m p o s s ib le  a t  th e  p r e s e n t  t im e  -  i t  i s  p o s s i b l e  t h a t  f u s i o n  p r o d u c t s  fro m  
any  c r o s s  may y i e l d  s u b s e q u e n t  p ro g e n y  i n  w h ic h  n u c l e a r  f u s i o n  a n d  h e n c e  
t r u e  h y b r i d i t y  h a s  b e e n  a c h ie v e d .  I n  w id e r  c r o s s e s ,  f o r  i n s t a n c e ,  b e tw e e n  
Candida t r o p i c a l i s  a n d  Saccharomyoopsis f i b u l i g e r a  u n i n u c l e a t e  s t r a i n s  
sh o w in g  v a r y in g  d e g r e e s  o f  i n s t a b i l i t y  h a v e  b e e n  d e t e c t e d .  To a  l a r g e  
e x t e n t  t h e s e  o b s e r v a t i o n s  c l o s e l y  p a r a l l e l  t h e  s i t u a t i o n  t h a t  h a s  b e e n  
fo u n d  i n  r e l a t i o n  t o  t h e  f u s i o n  o f  p l a n t  p r o t o p l a s t s .  W ork on  f u n g a l  
p r o t o p l a s t  f u s i o n ,  j u s t  a s  h a s  b e e n  th e  c a s e  f o r  b a c t e r i a l  p r o t o p l a s t  
f u s i o n ,  h a s  b e e n  g r e a t l y  a id e d  by th e  r e a d y  a v a i l a b i l i t y  o f  m u ta n t s  t h a t  
h a v e  e n a b l e d  h e t e r o k a r y o n s  t o  b e  s e l e c t e d  on  th e  b a s i s  o f  n u t r i e n t  
c o m p le m e n ta t io n .  T h is  m e th o d  o f  s e l e c t i o n  h a s  a l s o  g r e a t l y  f a c i l i t a t e d  
t h e  p r o d u c t i o n  o f  s o m a t ic  h y b r i d s  b y  p r o t o p l a s t  f u s i o n  in  t h e  m oss 
PhysaomitrelZa patens  (64) a n d  th r o u g h  s o m a t i c  h y b r i d i s a t i o n  t h e  
c o m p le m e n ta t io n  a n a l y s i s  o f  a u x o t r o p h i c  m u ta n t s  o f  t h i s  m oss (65) . When 
a u x o t r o p h i c  m u ta n ts  a r e  a v a i l a b l e  t h e y  can  b e  r e a d i l y  u s e d  f o r  
c o m p le m e n ta t io n  s e l e c t i o n  o f  s o m a t i c  h y b r i d  p l a n t s  ( 6 6 ) .  P r o t o p l a s t s ,  
b e in g  s i n g l e  c e l l s ,  may b e  v e r y  s u i t a b l e  f o r  m u ta n t  i s o l a t i o n s  a n d  u s e d  
f o r  t h e  im p ro v e m e n t,  f o r  i n s t a n c e ,  o f  p h o t o s y n t h e t i c  s y s te m s  ( 6 7 ) .  From  
c o m p a r a t iv e  s t u d i e s  i n  p l a n t  h y b r i d i s a t i o n s  o f  t h e  i n c o m p a t i b i l i t i e s  t h a t  
can  b e  b y - p a s s e d  b y  in v i t r o  c u l t u r e  m e th o d s  i n  s e x u a l  h y b r i d i s a t i o n ,  w i th  
t h e  h y b r i d i s a t i o n  c a p a b i l i t y  o f  s o m a t i c  f u s i o n s ,  i t  i s  c l e a r  t h a t  p r e -  
z y g o t i c  (68) a n d  e m b ry o /e n d o s p e rm  (69) i n c o m p a t i b i l i t i e s  can  b e  r e a d i l y  
o v e rco m e  b y  s o m a t i c  h y b r i d i s a t i o n .  F o r  p l a n t s ,  a n d  a l s o  a s  we h a v e  s e e n  
f o r  f u n g i  (70) i t  i s  n o t  y e t  c l e a r  w h e th e r  t h e  p o s t - z y g o t i c  
i n c o m p a t i b i l i t i e s  w h ic h  p r e v e n t  many w id e  i n t e r  s p e c i e s  h y b r i d i s a t i o n s  
a l s o  o p e r a t e  a t  th e  s o m a t i c  l e v e l .  F u n g i  d i f f e r  m a rk e d ly  fro m  p l a n t s  in  
n o r m a l ly  h a v in g  a  s t a b l e  h e t e r o k a r y o t i c  c o n d i t i o n  w h ic h  may e n h a n c e  t h e  
o p p o r t u n i t y  f o r  t h e  s p e c i f i c  c o n t r o l  o f  n u c l e a r  f u s i o n .  As I  h a v e  
d i s c u s s e d  r e c e n t l y  (7 1 ,7 2 )  t h i s  c o m p a r a t iv e  a s s e s s m e n t  o f  t h e  n a t u r e  o f  
i n c o m p a t i b i l i t i e s  i s  made m ore d i f f i c u l t  b y  l a c k  o f  k n o w le d g e  o f  t h e  
n a t u r e  o f  i n t e r - s p e c i e s  s e x u a l  h y b r i d  i n c o m p a t i b i l i t i e s .  P a r t i c u l a r l y  
w h e th e r  o r  n o t  i t  i s  p r e -  o r  p o s t - z y g o t i c ,  o r  b o t h ,  a n d  w h e th e r  i t  c an  be  
c i r c u m v e n te d  by  i n  v i t r o  c u l t u r e  p r o c e d u r e s ;  f o r  i n s t a n c e  by  t h e  r e s c u e  o f  
e m b ry o s  a t  a  v e r y  e a r l y  s t a g e  i n  th e ir  d e v e lo p m e n t ,  a s  h a s  r e c e n t l y  b e e n  
em p lo y e d  b y  W il l ia m s  i n  h e r  p r o d u c t i o n  o f  T r i f o l i u m  i n t e r - s p e c i e s  h y b r i d s  
(73) . S u c c e s s  i n  p r o d u c in g  i n t e r - s p e c i e s  s o m a t ic  h y b r i d s  s h o u ld  n o t  l e a d  
t o  t h e  c o n c lu s io n  t h a t  s e x u a l  h y b r i d i s a t i o n  i s  i m p o s s i b l e .  Many 
i n t e r e s t i n g  i n t e r - s p e c i e s  s o m a t ic  h y b r i d s  a r e  c u r r e n t l y  b e in g  e x a m in e d  in  
t h i s  r e s p e c t .  ( 7 4 ,7 5 , 7 6 ,7 7 ) .  A u s e f u l  g u id e  to  i n c o n g r u i t y  o f  i n t e r ­
s p e c i f i c  c r o s s e s  i n  Nicot iana  a n d  Petunia  w h ic h  c o u ld  b e  o f  u s e  t o  w o rk e r s
COCKING
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g e n e r a l l y  i n  t h i s  c o m p a r a t iv e  a s s e s s m e n t  h a s  r e c e n t l y  b e e n  o u t l i n e d  b y  S in k  
a n d  P o w er ( 78) .
I t  s h o u ld  b e  r e - e m p h a s i s e d  t h a t  t h e r e  i s  a  b a s i c  d i f f e r e n c e  b e tw e e n  s e x u a l  
h y b r i d i s a t i o n  a n d  s o m a t ic  h y b r i d i s a t i o n  i n  t h a t  i n  s e x u a l  h y b r i d i s a t i o n  
t h e r e  i s  u s u a l l y  u n i l a t e r a l  e x c l u s i o n  o f  th e  c y to p la s m  -  n o  s u c h  e x c l u s i o n  
n o r m a l ly  e x i s t s  i n  t h e  c a s e  o f  s o m a t i c  h y b r i d i s a t i o n ,  s i n c e  b o t h  s o m a t i c  
c e l l  p r o t o p l a s t s  c o n t r i b u t e  m ore o r  l e s s  e q u a l l y  t o  t h e  c y to p la s m ic  s t a t u s  
o f  t h e  r e s u l t a n t  s o m a t i c  h y b r i d .  P r o t o p l a s t  f u s i o n  t h e r e f o r e  m akes 
p o s s i b l e  t h e  f u s i o n  o f  tw o d i f f e r e n t  c y to p la s m s ,  a l l o w in g  g e n e t i c  a n a l y s i s  
o f  c y to p la s m ic  f a c t o r s .  I n  m o s t i n s t a n c e s  so  f a r  i n v e s t i g a t e d  t h e  f u s i o n  o f  
h i g h e r  p l a n t  p r o t o p l a s t s  e i t h e r  r e s u l t s  i n  t h e  f o r m a t io n  o f  s o m a t i c  h y b r i d  
p l a n t s  o r  i n  t h e  f o r m a t io n  o f  c y b r i d  p l a n t s  ( s e e  F i g .  1) . C y b r id  p l a n t s  
c o n ta i n  t h e  c y to p la s m s  o f  b o th  p a r e n t a l  s p e c i e s  y e t  t h e  n u c le u s  o f  o n ly  o n e  
o f  t h e  s p e c i e s .  I f  n u c l e a r  f u s i o n  d o e s  n o t  f o l lo w  f u s i o n  o f  t h e  p r o t o p l a s t s ,  
a n d  o n e  o f  t h e  n u c l e i  d e g e n e r a t e s ,  i t  i s  p o s s i b l e  t o  o b t a i n  p l a n t s  w i th  
h y b r i d  c y to p la s m  a n d  m ix e d  o r g a n e l l e s ,  b u t  c o n t a i n i n g  i n  i t s  c e l l s  t h e  
n u c le u s  o f  o n ly  o n e  o f  th e  p a r e n t s .  S u c h  c y b r id s  c o u ld  a l s o  b e  fo rm e d  i f  
th e  p a r a s e x u a l  c y c l e  i s  c o m p le te d  w i th  c o m p le te  d i r e c t i o n a l  chrom osom e 
e l i m i n a t i o n  f o l lo w in g  t h e  f u r t h e r  m i t o t i c  d i v i s i o n  o f  s o m a t i c  c e l l  h y b r i d s .
PLANT
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CYBRID
F ig  1 . A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  m a jo r  p r o c e d u r e s  f o r  p l a n t  
h y b r i d i s a t i o n .
T h e re  i s  a l s o  c o n s i d e r a b l e  i n t e r e s t  a s  t o  w h e th e r  a  c o m p le te  p a r a s e x u a l  
c y c l e  w i l l  b e  fo u n d  t o  o p e r a t e  i n  t h e  c a s e  o f  h i g h e r  p l a n t s .  As d i s c u s s e d  
p r e v i o u s l y ,  an y  te n d e n c y  to w a rd s  'h a p l o i d i s a t i o n ' from  s o m a t i c  h y b r i d s  i s  
m o s t  l i k e l y  to  o c c u r  in  t h o s e  s p e c i e s  w h ic h  e x h i b i t  a  p o s t - z y g o t i c  s e x u a l  
i n c o m p a t i b i l i t y .  O ur e a r l i e r  s t u d i e s  on  th e  c o n s e q u e n c e  o f  f u s i o n  o f  
Parthenoeissus  p r o t o p l a s t s  w i th  Petunia  p r o t o p l a s t s  i n d i c a t e d  t h a t  a  
s i g n i f i c a n t  f e a t u r e  cf th e  c a l l u s  o b t a i n e d ,  a s  a  r e s u l t  o f  t h e  s e l e c t i v e  
c u l t u r e  o f  f u s e d  p r o t o p l a s t s ,  was t h a t  c a l l u s  w as shown to  p o s s e s s  t h e  
ch rom osom es o f  Parthenoaissus  an d  n o t  Petunia  D is c u s s in g  t h e s e  r e s u l t s  
we n o t e d  t h a t  f o l lo w in g  f u s i o n  o f  c h ic k  e r y t h r o c y t e s  w i th  c u l t u r e d  m ouse 
c e l l s ,  a  s t r u c t u r a l  g en e  f o r  c h ic k  i n o s i n i c  a c i d  p y r o p h o s p h o r y la s e  was 
i n c o r p o r a t e d  i n t o  th e  m ouse n u c le u s  i n  some c e l l s  d u r i n g  p o s t - m i t o t i c
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r e c o n s t i t u t i o n .  We s u g g e s t e d  t h a t  a  s i m i l a r  h a p p e n in g  c o u ld  b e  o c c u r r i n g  
a s  a  r e s u l t  o f  th e  f u s i o n  o f  t h e s e  p o s t - z y g o t i c  s e x u a l l y  i n c o m p a t ib l e  
p l a n t  s p e c i e s ;  a  r e s u l t  o f  w h ic h  was t h a t  g e n e s  f o r  Petunia  i s o p e r o x i d a s e s  
h a d  becom e i n c o r p o r a t e d  i n t o  th e  Parthenocissus  n u c l e u s (71) . I f  s o m a t ic  
h y b r i d  c e l l s  i n  c u l t u r e  u n d e rg o  s u c h  c h a n g e s ,  i n  many i n s t a n c e s  t h i s  c o u ld  
r e s u l t  i n  th e  p r o d u c t i o n  o f  c e l l s  (a n d  p l a n t s )  w h ic h  p o s s e s s  a  p h e n o ty p e  
o r  g e n o ty p e  v e r y  s i m i l a r  t o  o n e  o r  o t h e r  o f  th e  p a r e n t a l  s p e c i e s  (79) . O n ly  
v e r y  c a r e f u l  a n a l y s i s  o f  t h e  g e n o ty p e  ( b o th  n u c l e a r  a n d  c y to p la s m ic )  , a s  
w e l l  a s  t h e  p h e n o ty p e ,  w i l l  r e v e a l  t h e  e x t e n t  t o  w h ic h  s u c h  a  p a r a s e x u a l -  
ty p e  c y c le  o c c u r s  i n  c e r t a i n  s p e c i e s  c o m b in a t io n s .  I n  t h o s e  s p e c i e s  
e x h i b i t i n g  p r e - z y g o t i c  an d  e m b ry o /e n d o sp e rm  i n c o m p a t a b i l i t i e s  i t  w o u ld  
a p p e a r  t h a t  p l a n t  r e g e n e r a t i o n  s t a b i l i s e s  t h e  s o m a t ic  h y b r i d s ,  b u t  a s  w id e r  
c r o s s e s  a r e  a t t e m p t e d  (a n d  p a r t i c u l a r l y  t h e s e  e x h i b i t i n g  p o s t - z y g o t i c  
i n c o m p a t i b i l i t i e s )  i n s t a b i l i t y  o f  th e  s o m a t ic  h y b r i d  may r e s u l t  i n  a  
te n d e n c y  to w a rd s  h a p l o i d i s a t i o n  ( s e e  F i g . 2) , w i th  a  n o v e l  g e n e t i c  
v a r i a b i l i t y  i n  t h e  r e s u l t a n t  p a r a s e x u a l - t y p e  h y b r i d s .
FUNGI
THE PARASEXUAL CYCLE CONCEPT
FLOWERING PLANTS
HETEROKARYOSIS BY 
FUSION OF HYPHAE
HETEROKARYON FORMATION BY 
FUSION OF PROTOPLASTS
SEGREGATION AND 
RECOMBINATION 
DURING M IT O SIS : 
RANDOM LOSS OF 
CHROMOSOMES
CELL HYBRIDS 
(D IP L O ID ISA T IO N )
t
p a r a s e x u a l  h y b r id
"HAPLOIDISATION"
TO WHAT EXTENT DOES 
SEGREGATION AND 
RECOMBINATION OCCUR 
DURING M IT O S IS :
TO WHAT EXTENT I S  
THERE RANDOM ( OR 
DIRECTIONAL) LOSS 
OF CHROMOSOMES ?
TENDENCY TO 
HAPLOIDISATION ?
F i g .  2 .  The P a r a s e x u a l  C y c le  C o n c e p t  i n  F u n g i a n d  F lo w e r in g  P l a n t s .
F o l lo w in g  t h e  p i o n e e r i n g  w o rk  o f  F e r e n c z y  a n d  h i s  c o l l e a g u e s  h e r e  i n  
S z e g e d  on t h e  t r a n s f e r  o f  m i to c h o n d r ia  by  p r o t o p l a s t  f u s i o n  in  
Saccharomyces c e r e v i s i a e , o t h e r s  (80) h a v e  f u r t h e r  e l a b o r a t e d  t h i s  s t u d y  
u s i n g  m i to c h o n d r ia  w i th  d ru g  r e s i s t a n c e  m a r k e r s .  The d e s i r e  t o  u s e  
p r o t o p l a s t s  f o r  a  m ore l i m i t e d  g e n e  t r a n s f e r  c o u ld  b e n e f i t  fro m  a  
c o m p a r a t iv e  s tu d y  o f  g a m e t ic  t r a n s f o r m a t i o n  a n d  s o m a t i c  h y b r i d i s a t i o n .
T h is  r e c e n t l y  d i s c o v e r e d  new te c h n iq u e  o f  g a m e t ic  t r a n s f o r m a t i o n  (81) 
o f f e r s  th e  p o s s i b i l i t y  o f  t r a n s f e r r i n g  s i n g l e  g e n e s ,  o r  s h o r t  g e n e t i c  
s e g m e n ts ,  fro m  o n e  s p e c i e s  o r  v a r i e t y  t o  a n o th e r  i n  a  s i n g l e  s t e p  w i th o u t  
t h e  s im u l t a n e o u s  t r a n s f e r  o f  a cc o m p a n y in g  u n d e s i r a b l e  c h a r a c t e r s .  I n  t h i s  
m e th o d  o f  s e x u a l  c r o s s i n g ,  c o m p a t ib le  p o l l e n  fro m  a  d o n o r  s p e c i e s  i s
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t r e a t e d  w i th  a  h ig h  d o se  (1 0 0 ,0 0 0  r a d s )  o f  i o n i s i n g  r a d i a t i o n  a n d  m ix ed  
w i t h  i n c o m p a t ib l e  p o l l e n  b e f o r e  p o l l i n a t i o n .  I t  w i l l  b e  o f  i n t e r e s t  to  
d e te r m in e ,  u s in g  p r o t o p l a s t  f u s i o n  w i th  o n e  s p e c i e s  i r r a d i a t e d ,  w h e th e r  
c o m p a ra b le  t r a n s f o r m a t i o n  can  b e  a c h i e v e d ,  ( s e e  F ig .  3 ) .
PLANT
TRANSFORMATIONS
F i g .  3 . A s c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  t h r e e  m a jo r  p r o c e d u r e s  
f o r  p l a n t  t r a n s f o r m a t i o n .
P l a n t  p r o t o p l a s t s  h a v e  p r o v id e d  u s w i th  a  
new  in  Vi tro  s y s te m  f o r  p l a n t  v i r u s  r e s e a r c h  (82) , b u t  u n t i l  r e c e n t l y  t h e r e  
h a s  b e e n  no  u n e q u iv o c a l  i n d i c a t i o n  o f  t h e  u s e  o f  p l a n t  p r o t o p l a s t s  f o r  
t r a n s f o r m a t i o n  w o rk . The u se  o f  p l a n t  p r o t o p l a s t s  t o  d e te r m in e  t h e  f a t e  
o f  e x o g e n o u s  ENA h a s  b e e n  c r i t i c a l l y  e v a l u a t e d  (83) , b u t  t h e  f i r s t  c l e a r  
i n d i c a t i o n s  t h a t  p r o t o p l a s t s '  o f  e u k a r y o t i c  s y s te m s  may b e  g o o d  s y s te m s  f o r  
a s s e s s m e n t ,  a n d  p r o o f ,  o f  t r a n s f o r m a t i o n  c a p a b i l i t y  h a v e  come fro m  w ork  on 
y e a s t  p r o t o p l a s t s .  I n  t h e s e  s t u d i e s  a  h y b r i d  b a c t e r i a l  p l a s m id  c o n ta i n in g  
y e a s t  DNA w as u s e d  a s  a  s o u r c e  o f  h i g h l y  e n r i c h e d  g e n e s  a s  w e l l  a s  a  
m o le c u la r  p r o b e  fro m  t h e  s e q u e n c e  i n t r o d u c e d  i n t o  t h e  r e c i p i e n t  y e a s t  c e l l s .  
The b e h a v i o u r  o f  t h e  b a c t e r i a l  p l a s m id  ENA s e q u e n c e s ,o n c e  i n t e g r a t e d  i n t o  
t h e  y e a s t  c h ro m o so m es, i n d i c a t e d  t h a t  p r o k a r y o t i c  ENA can  b e  m a in t a i n e d  an d  
t r a n s m i t t e d  b y  a  e u k a r y o t i c  c e l l  su c h  a s  y e a s t  (8 4 ,8 5 )  •
As d i s c u s s e d  b y  K l e in h o f s  a n d B e h k i (86) ( s e e  a l s o  (8 7 ))  t h e  e a r l y  w ork  
c la im in g  e x o g e n o u s  ENA u p t a k e ,  i n t e g r a t i o n  a n d  r e p l i c a t i o n  i n  p l a n t s  i s  
p r o b a b ly  w ro n g . R e c e n t l y ,  h o w e v e r ,  t h e  d e m o n s t r a t io n  t h a t  i s o l a t e d  
Agrobaoterium p la s m id s  can  t r a n s f o r m  Petunia  p r o t o p l a s t s  c l e a r l y  i n d i c a t e s  
t h a t  t h e  f u t u r e  u s e f u l n e s s  o f  p l a n t  p r o t o p l a s t s  t o  b e  t r a n s f o r m e d  b y  ENA 
v e c t o r  c o n s i s t i n g  o f  T-ENA, a n d  some a d v a n ta g e o u s  g e n e s ,  f o r  t h e  g e n e t i c  
e n g i n e e r i n g  o f  p l a n t s ,  c an  now b e  s e r i o u s l y  c o n s i d e r e d  ( 8 7 ) .
Work on th e  c o n s e q u e n c e s  o f  f u s i o n  o f  p l a n t  p r o t o p l a s t s  w i t h  a n im a l c e l l s  
i s  s t i l l  a t  an  e a r l y  s t a g e  o f  d e v e lo p m e n t ,  y e t  t h e r e  i s  e v e n  a l r e a d y  some 
e v id e n c e  f o r  c e l l u l o s e  b e in g  s y n t h e s i s e d  a t  th e  p la s m a  m em brane i n  su c h
11
COCKING
h e te r o k a r y o n s  (88) , w h ic h  c an  now b e  p r o d u c e d  a t  h ig h  f r e q u e n c y  f o l lo w in g  
p r o t e a s e  t r e a t m e n t  c o u p le d  w i t h  Ca++ a t  h ig h  pH (89) .
I  h a v e  a v o id e d  s p e c u l a t i n g  a b o u t  th e  f u t u r e  a n d  t h o s e  a r e a s  o f  
i n v e s t i g a t i o n  a r e  v e r y  much f o r  f u t u r e  w o rk . T h e se  i n t e r - k i n g d o m  f u s i o n  
e x p e r im e n ts  a r e  h o w e v e r ,  i m p o r t a n t  b e c a u s e  t h e y  d e m o n s t r a t e  t h e  b a s i c  u n i t y  
o f  C e l l  B io lo g y .  Work i n  t h i s  d i r e c t i o n  i s  d i f f i c u l t  b e c a u s e  i t  
n e c e s s i t a t e s  te a m  w ork  b e tw e e n  p l a n t  a n d  a n im a l  b i o l o g i s t s .
I f  w ork  on  p r o t o p l a s t s  c an  s t i m u l a t e  p r o g r e s s  i n  a l l  t h e  v a r i o u s  d i r e c t i o n s  
I  h a v e  o u t l i n e d  i t  w i l l  h a v e  f u l l y  j u s t i f i e d  h a v in g  a  s p e c i a l  m e e t in g  
d e v o te d  t o  t h i s  s u b j e c t  h e r e  i n  S z e g e d  -  a n d  we can  lo o k  f o r w a r d  to  th e  
S i x t h  I n t e r n a t i o n a l  Sym posium  on P r o t o p l a s t s  w i t h  c o n f id e n c e ,  a n d  som e 
e a g e r n e s s .
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ABSTRACT
Fusion of  b a c t e r i a l  p r o t o p l a s t s  i s  an e s t a b l i s h e d  f a c t .  The f u s ­
ed complex may be ext remel y  s e n s i t i v e  to environmental  i n f l ue n c e s  
Mating type p o l a r i t y  does not e x i s t  in a p r o t o p l a s t  f u s i o n  s y s ­
tem of  b a c t e r i a ,  the partners  seem to be equal  as f ar  as t h e i r  
a b i l i t y  to donate or r e c e i v e  g e n e t i c  i nf ormat i on  i s  concerned.  
True g e n e t i c  recombinant  b a c t e r i a  can be obtained by f u s i o n  of  
p r o t o p l a s t s .  N e v e r t h e l e s s ,  when the t echni que  i s  used for  ge ­
n e t i c  a n a l y s i s  the r e s u l t s  are ambiguous.  In order to be abl e  to 
use the p r o t o p l a s t  f us i o n  t echni que  f or  g e n e t i c  a n a l y s i s  o f  bac­
t e r i a  more unders tanding o f  the i n t e r a c t i o n s ,  both p h y s i o l o g i c a l  
and g e n e t i c a l ,  which take p l ace  during and a f t e r  the f u s i o n  pro­
c e s s  i s  needed.
INTRODUCTION
Spher ica l  forms appearing in c u l t u r e s  of  rod-shaped b a c t e r i a  were 
f i r s t  no t i ced  by Tomcsik and Guex-Holzer during t h e i r  s t u d i e s  on 
the c e l l  wal l  s t r u c t u r e  of  B a c i l l u i  M. These e n t i t i e s  seemed to 
be ext remel y  l a b i l e  and were rap i d l y  d i s i n t e g r a t e d  ( 1 ).  Weibull  
working wi th another rod-shaped bacter i um,  B a c l l l u i  migoLtzfilam , 
had publ i shed in 1953 t hat  i f  the c e l l  wal l  of  t h i s  bacterium i s  
removed by a pept i dog l yc an  hy dr o l ys i ng  enzyme,  lyzozyme,  in a 
medium wi th high os momol ar i t y , p r a c t i c a l l y  ever  bacterium became 
s p h e r i c a l  in shape.  In the presence  of  high osmomolari ty and Mg 
i ons  t h e s e  s p he r i c a l  e n t i t i e s  seemed to be q u i t e  s t a b l e  and prov­
ed to be b a c t e r i a  wi thout  a c e l l  w a l l ,  surrounded only by a p l a s ­
ma membrane. The name pnotcplcu>t  was given by Weibul l  f or  t hes e  
e n t i t i e s  ( 2 ) .  McQui l len,  in hi s  s tudy of  p r o t o p l a s t s  o f  8 . mzga- 
tzn.-Lum, showed in 1955 that  they can grow and d i v i d e  in appro­
p r i a t e  media ( 3 ) .  F i n a l l y  Landman et  a l . in 1968 demonstrated  
t ha t  p r o t o p l a s t s  of  8 . i u b t l l - L i  can be induced to r e v e r t  i nto  
b a c i l l a r y  form ( 4 ) .
The widespread use o f  p r o t o p l a s t s  f or  g e n e t i c  s t u d i e s  by fus i on  
seems to s t a r t  wi th the paper publ i shed by Kao and Michayluk in
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1974 on the p o l y e t h y l e n e  g l y c o l  (PEG) induced f u s i o n  o f  p l ant  
p r o t o p l a s t s  ( 5 ) .  PEG-induced f u s i o n  o f  fungal  p r o t o p l a s t s  was 
f i r s t  publ i s hed  by Ferenczy e t  a l .  ( 6 ) ,  PEG-induced f u s i o n  of  
b a c t e r i a l  p r o t o p l a s t s  j o i n t l y  by Fodor and A l f ö l d i  on 8 . mzga- 
t z a lu m  ( 7 ) ,  and S c h a e f f e r ,  Cami , Hotchki ss  on 3. iu b t l l -L b  in 
1976 ( 8 ) ,  PEG-induced f u s i o n  o f  StA.zptomyc.zi  p r o t o p l a s t s  by 
Hopwood e t  a l .  in 1977 ( 9 ) ,  PEG-induced f u s i o n  o f  y e a s t  proto­
p l a s t s  by S i p i c z ky  and Ferenczy (10)  as we l l  as van So l i ngen  
and van der P l aa t  in 1977 ( 1 1 ) ,  PEG-induced f u s i o n  of  E. c o l l  
p r o t o p l a s t s  by Tsenin e t  a l .  in 1978 ( 1 2 ) .
I t  should be ment ioned here a l s o  t h a t  a l ready  in 1954 S t a h e l i n  
publ i s hed  photographs of  s p o nt a ne o us l y  f u s i ng  8. a n t h a a c l i  pro­
t o p l a s t s  ( 1 3 ) .  His o b s e r v a t i o n  remained compl e t e l y  unnot i ced  
u n t i l  r e c e n t l y .
I t  may be asked now why the f u s i o n  o f  b a c t e r i a l  p r o t o p l a s t s  i s  
i n t e r e s t i n g  f or  b a c t e r i a l  g e n e t i c i s t s ?  In order to be ab l e  to 
answer t h i s  q ue s t i o n  a few words have to be s a i d  about the ge ­
n e t i c s  o f  b a c t e r i a .
Ba c t e r i a  are hapl o i d  mi croorgani sms ,  t h e i r  genome being compos­
ed o f  c l o s e d  c i r c u l a r  do ub l e - s t ra nde d  DNAs. There are s e v e r a l  
ways to t r a n s f e r  g e n e t i c  i nf ormat i on  from one s t r a i n  to o ther .
T f iam  ^oam atlon  i s  c a l l e d  the proces s  when g e n e t i c  i nf ormat i on  i s  
t r a n s f e r r e d  from one bacterium to the o ther  by means o f  naked 
DNA. The t r a n s f e r  o f  genes from one c e l l  to another by means of  
b ac t e r i ophage  v e c t o r  i s  c a l l e d  t n a n i d u e t t o n .  C o n ju g a t io n ,  or 
m a tin g  i s  a parasexual  mode of  u n i d i r e c t i o n a l  t r a n s f e r  of  gene­
t i c  i n f ormat i on  i n v o l v i n g  d i r e c t  c e l l u l a r  c o n t a c t  between a do­
nor ("male") and a r e c i p i e n t  ("female")  b a c t e r i a l  c e l l .
Al l  o f  t h e s e  p r o c e s s e s  e x h i b i t  at  l e a s t  three  common f e a t u r e s :
1/  The t r a n s f e r  i s  always u n i d i r e c t i o n a l ;
2/  DNA al one  i s  t r a n s f e r r e d ,  so cytoplasm to cytoplasm i n t e r a c ­
t i o n  i s  not  i nvo1 v e d ;
3/  a whole genome of  a donor bacterium can seldom be int roduced  
i n t o  a r e c i p i e n t  one.
F i n a l l y ,  i t  has to be ment ioned t h a t  the g e n e t i c  i nf ormat i on  
t r a n s f e r  mechanisms l i s t e d  above o p e r a t i o n a l l y  can be used only  
in a rat her  l i m i t e d  number o f  b a c t e r i a l  genera ,  t h e r e f o r e ,  a 
great  many i mportant  b a c t e r i a  are we l l  wi t hout  the p o s s i b i l i t y  
of  s tudy by a g e n e t i c  approach.
It  i s  immediate ly  c l e a r ,  t h e r e f o r e ,  that  f u s i n g  b a c t e r i a l  p r o t o ­
p l a s t s  may add new dimensions  to b a c t e r i a l  g e n e t i c s .  The way 
seems to be open to s tudy the whole genome as wel l  as c y t o p l a s ­
mic i n t e r a c t i o n s  in b a c t e r i a .  Furthermore new genera of  b a c t e r i a  
could be submitted to d e t a i l e d  g e n e t i c  a n a l y s i s .
For our s t u d i e s  we s e l e c t e d  the Gr a m- po s i t i v e ,  rod-shaped bac­
terium - 8a c l l l u i  m zgatzA lum  ( 7 ) .  This bacterium was a l s o  the  
o b j ec t  o f  e a r l y  s t u d i e s  on b a c t e r i a l  p r o t o p l a s t s  and we e a s i l y  
found the c o n d i t i o n s  were p r o t o p l a s t s  can be rever t ed  i n t o  ba - 
c i l l a r y  form wi th high f requency ( 1 4 ,  15) .  N e v e r t h e l e s s ,  no ge ­
n e t i c  i n f ormat i on  t r a n s f e r  mechanism e x i s t e d  for  t hat  bacterium 
and our own pre l i mi nary  at tempts  to a t t a i n  t r a n s f o r ma t i o n ,  t r a n s ­
duc t i o n ,  or c onj ugat i on  wi th i t  were wi t hout  any s u c c e s s .
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So the system seemed to be appr opr i a t e  f or  showing what the f u ­
s i o n  o f  b a c t e r i a l  p r o t o p l a s t s ,  i f  at  a l l  p o s s i b l e ,  can be used 
in b a c t e r i a l  g e n e t i c s .
At the  same t i me ,  i ndependent l y  from u s ,  P i e r r e  S c h a e f f e r  s e l e c t ­
ed f or  hi s  s t u d i e s  on the f u s i o n  of  b a c t e r i a l  p r o t o p l a s t s  the  
Gram-pos i t i  v e , rod-shaped bacter i um,  B a e i l l u t  i u b t i l i i  ( 8 )- Por 
him the advantage o f  t h i s  bacter ium seemed to be i t s  we l l  studied 
genome,  and the weal th of  data a l ready  accumulated on i t  from 
t r a ns f o r ma t i o n  and t r a n s d u c t i o n  s t u d i e s .
Our p r e s e n t a t i o n  w i l l  be c o nce nt ra t e d  on the data obta i ned with  
the  8 . me. g a t e  Alum p r o t o p l a s t s ,  n e v e r t h e l e s s ,  we are going to 
r e f e r  to r e s u l t s  obta i ned on 8 . i u b t i Z i i  by S c h a e f f e r  and hi s  
group.
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EXPERIMENTS
The f i r s t  f i g u r e  shows how a f u s i o n  system should work.  When 
working wi th b a c t e r i a  the f i r s t  t h i ng  to be demonstrated i s  that  
the recombinants  are produced via p r o t o p l a s t  f u s i o n  and not by 
any o t her  p o s s i b l e  i n f o rma t i o n  t r a n s f e r  mechanism.  Under our 
exper imental  c o n d i t i o n s  recombinant  b a c t e r i a  of  B. me.gate.Aium 
were obta i ned only when PEG-treated p r o t o p l a s t  mixture was used.  
Furthermore,  recombinants  were obta i ned in the presence  o f  DNA­
a s e ,  t oo .  The c o n c l u s i o n  was,  t h e r e f o r e ,  t ha t  f u s i o n  of  p r o t o ­
p l a s t s  i s  the mechanism which y i e l d e d  the recombinants  ( 7 ) .  The 
same c o n c l u s i o n  was reached from t h e i r  g e n e t i c  data on 8 . t u b -  
t i l i i  p r o t o p l a s t s  by S c h a e f f e r ,  Cami and Hotchki ss  ( 8 ) .  An e l e ­
gant  way to demonstrate  p r o t o p l a s t  f u s i o n  of  b a c t e r i a  wi th e l e c ­
tron microscopy was r e c e n t l y  publ i s hed  by S c h a e f f e r  and hi s  co-  
-workers  ( 1 6 ) .  So f u s i o n  of  b a c t e r i a l  p r o t o p l a s t s  seems to be 
an e s t a b l i s h e d  f a c t .
Let us a n a l y s e  now what the c h a r a c t e r i s t i c s  of  the system are:
a/  Cytopl asmi c  i n t e r a c t i o n s . When b a c t e r i a l  p r o t o p l a s t s  are f u ­
sedb3rp]TG~Tr7iTme7nTiriTew~e n t  i ty i s  produced,  c o n t a i n i n g  the  
genomes and cytopl asms  of  the parent s .
I t  may be imagined t h a t  when parenta l  p r o t o p l a s t s ’ membranes are 
d i s r upt e d  on union the co nt e nt  o f  the p r o t o p l a s t s  w i l l  be f r e e l y  
mixed.  Such a f r e e  mi x i ng ,  however,  i s  probably not  p e r m i s s i b l e ;  
the f i n e  s t r u c t u r e  and i n t e g r i t y  of  each cytoplasm has probably  
to be mai ntai  ned .
N e v e r t h e l e s s ,  cy t o p l a s mi c  components wi th low mol ecul ar  we i g h t ,  
s i mple  mol e c u l es,  s i g n a l  m o l e c u l e s ,  and so on,  can be f r e e l y  e x ­
changed.  The f a t e  of  the complex at  a p h y s i o l o g i c a l  l e v e l  w i l l  
be determined p r i ma r i l y  by t h e s e  i n t e r a c t i o n s ,  which w i l l  then 
be f u r t he r  modulated by env i ronment a1 - cytop 1 as mic i n t e r a c t i o n s .  
Under t h e s e  c o n d i t i o n s  the complex has to manage to r e v e r t  i n t o  
b a c i l l a r y  form. I t  i s  not s u r p r i s i n g ,  t ha t  the fused complex 
may be ext remel y  s e n s i t i v e  to environmental  i n f l u e n c e s  ( 1 7 ) .
Conclus ion to be drawn: P h y s i o l o g i c a l  i n f l u e n c e s  may d i s t ur b  the  
g e n e t i c s  o f  the system ( 1 7 ) .
21
FODOR ET AL.
abc +++ abc +++
Z Z H O - -
I
abc +++
+++def
!
abc +++
abc +++ 
+++def
abc +++
+-t-+def
+++T++
-i-H-def +++def +++def
Fi gure  1 Schemat ic diagram o f  the s t e ps  
o f  p r o t o p l a s t  f us i o n
b/ Pol ar i  t y . In the  b a c t e r i a l  c o nj ug a t i o n  system t here  are 
donor ("male" ) and r e c i p i e n t  ("female")  b a c t e r i a ,  and an e f f e c ­
t i v e  g e n e t i c  i n f ormat i on  t r a n s f e r  i nv o l v e s  u n i d i r e c t i o n a l  t r a n s ­
f e r  o f  DMA from the donor i n t o  the r e c i p i e n t .  Trans fer  i s  not  
p o s s i b l e  in the o ther  d i r e c t i o n .  Furthermore,  r e c i p i e n t  to r e ­
c i p i e n t  t r a n s f e r  i s  a l s o  i mp o s s i b l e .  The do no r ’ s c h a r a c t e r i s t i c  
i s  due to  a s o - c a l l e d  f e r t i l i t y  f a c t o r .
S c h a e f f e r ’ s group and o u r s ,  r e s p e c t i v e l y ,  wished to know i f  such 
a mat ing type p o l a r i t y  e x i s t e d  in the f us i o n  system o f  p r o t o ­
p l a s t s .
S c h a e f f e r ’ s group found t hat  be fore  f us i o n  any one of  the 8 . éab-  
parental  p r o t o p l a s t s  could be i n a c t i v a t e d  by s t reptomyc i n  
and t h a t  recombinants  could be obta i ned i f  the other  parent  
happened to be l i v i n g  and s t reptomyc i n  r e s i s t a n t  ( 1 8 ) .  Our group 
found t h a t  be fore  f u s i o n  any one o f  the B. me.gatin.ium parental  
p r o t o p l a s t s  could be i n a c t i v a t e d  by g e n t l e  heat  t r e a t me nt ,  and 
t h a t  recombinant  b a c t e r i a  could be obta i ned i f  the o ther  p a r e n t ’s 
p r o t o p l a s t s  were a l i v e  ( 1 9 ) .
The c o n c l u s i o n  i s  c l e a r  : mat ing type p o l a r i t y  does not e x i s t  
in a f u s i o n  system o f  t he s e  b a c t e r i a ,  the partners  seem to be 
equal  as f ar  as t h e i r  a b i l i t y  to donate or r e c e i v e  g e n e t i c  i n ­
format ion i s  concerned.
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N e v e r t h e l e s s ,  the answer i s  not so c l e a r  when we ask i f ,  in the  
format ion of  the recombi nants ,  both genomes are p l a y i ng  an equal 
r o l e .
c /  De t e c t i o n  of  f us i on  recombi nant s . In order to d e t e c t  f us i on  
recombi nants two main methods can be fo l l owed:
1 /  P l a t i n g  the PEG-treated mixture o f  p r o t o p l a s t s  on r e v e r s i o n  
medium ri ch in n u t r i e n t s .  This w i l l  a l l ow r e v e r s i o n  to b a c i l ­
l ary  form parent a l s  and recombinants .  S e l e c t i o n  o f  recombinants  
can be made then from that  medium by means o f  the c l a s s i c a l  rep­
l i c a  p l a t i n g  onto d i f f e r e n t  s e l e c t i o n  media ( i n d i r e c t  s e l e c t i o n ) .
2/  The PEG-treated mixture of  p r o t o p l a s t s  i s  p l a t ed  d i r e c t l y  
onto r e v e r s i o n  media supplemented according to the aim of  the  
s e l e c t i o n .  Such a medium a l l ows  only the outgrowth of  recombi ­
nant c o l o n i e s  ( d i r e c t  s e l e c t i o n ) .
True g e n e t i c  recombinant  b a c t e r i a  can be obtai ned by both t e c h ­
niques .  N e v e r t h e l e s s ,  i t  has to be emphasized here t h a t ,  as we 
mentioned e a r l i e r ,  the outgrowth of  recombinant  b a c t e r i a  from 
the fused p r o t o p l a s t s  i s  s t r o n g l y  i n f l u e n c e d  by the p hys i o l ogy  
of  the system.  In other  words ,  one never knows i f  a g e n e t i c  
event  which i s  p o s s i b l e  in p r i n c i p l e  on a given medium wi l l  
y i e l d  the expected type and expected number o f  recombi nants ,  
or i f  they w i l l  not be pre s e nt  at a l l  because of  p h y s i o l o g i c a l  
f a c t o r s  i n h i b i t i n g  or prevent i ng  r e v e r s i o n  to b a c i l l a r y  form 
by that  f us i o n  product .
d/ Geneti  c a n a l y s i s . In order to understand the genome s t r u c -  
ture o f  a bacterium the f i r s t  s t ep  i s  u s ua l l y  to c o n s t r u c t  i t s  
g e n e t i c  map. The g e n e t i c  map i s  a r e p r e s e n t a t i o n  o f  r e l a t i v e  
d i s t a n c e s  s e p a r a t i n g  n o n - a l l e l i c  gene l o c i  in a l i nkage  s t r u c ­
t u r e ,  the d i s t a n c e s  being measured on the ba s i s  o f  recombina­
t i o n  f r e q u e n c i e s .  Linkage a n a l y s i s  o f  three  g e n e t i c  markers i s  
the most common way to arrange the order and g i ve  the map d i s ­
tances  f or  the given markers,  which when extended s t ep  by s t ep  
to new markers may y i e l d  a complete  l i n e a r  or c l o s e d  c i r c u l a r  
l i nkage  map.
Standard g e n e t i c  maps are made under standard c o n d i t i o n s  optimal  
f or  c r o s s i n g  over and hence for  recombi nat ion.  Un f o r t u n a t e l y ,  in 
a f us i o n  system wi th b a c t e r i a l  p r o t o p l a s t s  the f i r s t  c o n d i t i o n  
to be taken i n t o  c o n s i d e r a t i o n  i s  how r e v e r s i o n  to b a c i l l a r y  
form can be ensured.  Nobody knows at  pres ent  how t hes e  p e c u l i a r  
c o n d i t i o n s  i n f l u e n c e  the recombinat ion system.  Corinne Levi in 
Pi erre  S c h a e f f e r ’ s l aboratory  has r e c e n t l y  shown, working wi th  
two nzc~  s t r a i n s  of  B. i u b t i l i i ,  t ha t  in f us i o n  exper iments  the  
same r e s u l t s  were obtai ned as wi th the K.zz + s t r a i n s  ( 2 0 ) .  So,  
e i t h e r  the recombinat ion system i s  not needed to y i e l d  recombi ­
nants via p r o t o p l a s t  f u s i o n ,  or in the n.zc.+ s t r a i n s  the recom­
b i n a t i o n  system i s  i n h i b i t e d  by the exper imental  c o n d i t i o n s .
In our re cent  s t u d i e s  with p r o t o p l a s t s  o f  B. mzgatiA.lu.rn we have 
cons i dered  that  recombinants  s e l e c t e d  for  a g iven marker and 
permit ted to be recombined for  two other  markers ought to
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g i ve  us e f u l  l i nk a g e  data when the exper imental  c o n d i t i o n s  are  
s t r i c t l y  s t a n d a r d i z e d .  Furthermore,  we have s i m p l i f i e d  the s y s ­
tem to a one-way g e n e t i c  i nf ormat i on  t r a n s f e r  by i n a c t i v a t i n g  
the wi l d  type +++ parent  by s t r e p t o my c i n ,  as was des cr i bed  by 
Levi e t  a l .  for  B. i u b t i l i i  ( 18 ) -  The other  p a r e n t ,  t r i p l e  auxo­
troph and s t r ept omyc i n  r e s i s t a n t ,  was used in t h a t  type o f  cros s  
as a nzc . ip ie .n t ;  t h e r e f o r e ,  in s e l e c t i n g  for  any one o f  the t r a n s ­
f erred  wi ld type a l l e l e s  a s i n g l e  n u t r i e n t  had to be omi t t ed  
from the r e v e r s i o n  medium. Furthermore,  a s e l e c t i o n  medium a l ­
ways permi t ted the f r e e  e x p r e s s i o n  of  the o ther  two markers of  
the donor.  So,  on any s e l e c t i o n  medium four genotypes  were able  
to be expre s s ed  under e x a c t l y  the same c o n d i t i o n s :  + - - ,  + + - ,
+ -+, and +++, the phenotypes  o f  each being i d e n t i f i a b l e  by a s e c ­
ond s t e p  progeny a n a l y s i s .
This type of  a n a l y s i s  has as i t s  advantage t hat  p r e d i c t i o n s  can 
be made as far  as the frequency of  the n o n - s e l e c t e d  markers i s  
concerned as seen on the Figure 2. In p r i n c i p l e ,  the order of  
the s t u d i e d  markers and t h e i r  l i nk a g e  ought to be deduced from 
the exper imenta l  data.
a b c
+ +
b c
+ + +
+  , 4- I 4- +. +a be > + + + > a+b c > a be
a ®  c
a b
+ +
Figure 2 Expected d i s t r i b u t i o n  of  markers 
at d i f f e r e n t  s e l e c t i o n
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Table 1 shows how the exper iments  worked.  Between repeated e x ­
periments  c o n s i d e r a b l e  d i f f e r e n c e s  may e x i s t .  N e v e r t h e l e s s ,  as 
f ar  as reasoni ng  about  l i nkage  r e l a t i o n s h i p s  i s  concerned some 
pre l i mi nary  c o n c l u s i o n s  can be drawn. The supposed l i nkage  data 
can then be t e s t e d  us ing  new combi nat i ons  o f  the markers.  These  
exper iments  are under way in our Laboratory.
There are anomal ies  a l s o  pres ent  in our r e s u l t s .  The r e l a t i o n  
of  the +++ and +- -  c a t e g o r i e s  seems to be,  f or  example,  q u i t e  
unpredi  c t a b l e .
PROTOPLAST FUSION AND RECOMBINATION
TABLE 1
R S8 . me.gate.Ktum THT Str  x 8 . me.gatnK-Lu.rn KM Str
(Try , His , Thr ) ( S t r e p t o m y c i n - k i 11e d )
EXPERIMENT
Try + s e l e c t i o n 1 2 3
T ry + Hi s + Thr+ 55 80 42
Try + H i s Thr + 6 2 1
Try + Hi s + Thr" 9 0 1
T ry+ His" Thr" 30 18 56
T o t a l : 100 1 00 100
Hi s + s e l e c t i o n
T ry + Hi s + Th r+ 48 1 2 28
T ry Hi s + Thr+ 26 13 12
T ry + Hi s + Thr" 3 1 1
Try" Hi s + Thr 21 13 58
Total  : 100 100 100
Thr+ s e l e c t i o n
T ry + Hi s + Th r+ 63 83 61
Try" His + Th r + 24 1 2 1 2
T ry + Hi s ' Th r+ 1 1 0
T ry Hi s ' Thr + 9 3 25
3 1 2 mixt
T o t a l : 1 00 100 1 00
The numoers r e pr e s e n t  c o l o n i e s  wi th the given phenotype.  
Order o f  markers s ug g e s t e d :  H j s Tl?r_______ T
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The system we have present ed  here f or  g e n e t i c  a n a l y s i s  at  f i r s t  
s i g h t  seems to be s i mpl e .  S ince  the a b i l i t y  of  one of  the parents  
to r e v e r t  i n t o  b a c i l l a r y  form and y i e l d  b a c t e r i a l  c o l o n i e s  i s  i n ­
a c t i v a t e d  by s t r e p t o m y c i n , the g e n e t i c  i nf ormat i on  t r a n s f e r  
ought to be u n i d i r e c t i o n a l .  Furthermore,  appearance o f  the non-  
- s e l e c t e d  markers ought to depend only on g e n e t i c  f a c t o r s  s i nc e  
p h y s i o l o g i c a l  f a c t o r s  on a g iven s e l e c t i o n  medium are the same 
for  every f u s i o n  product .
N e v e r t h e l e s s ,  contrary  to t h e s e  e x p e c t a t i o n s ,  the r e s u l t s  are 
ambiguous,  i t  would be hard to a r r i v e  at  any c l e a r - c u t  c o n c l u ­
s i o n s  from t hes e  r e s u l t s .  So the que s t i o n  can be r a i s e d :  Is the  
system r e a l l y  as s i mpl e  as i t  seems at  f i r s t  s i g h t ?
The f i r s t  q ue s t i o n  to be d i s c u s s e d  i s  i f  the i n a c t i v a t i o n  one 
of  the parents  may i n f l u e n c e  the outcome of  a cros s  in a non- 
- p r e d i c t a b l e  way. Streptomycin i s  known to i n t e r f e r e  wi th r i bo-  
somal f u n c t i o n s ,  but DNA o f  the i n a c t i v a t e d  parent  should not  
be a l t e r e d .  Ribosomal f u n c t i o n s  of  the other  parent  are s t r e p t o -  
mycin r e s i s t a n t ;  t h e r e f o r e  they should f u n c t i o n  in a normal way 
even i f  bound or f r ee  s t reptomyc i n  happens to remain in the s y s ­
tem a f t e r  washing the s t rept omyc i n  out before  f u s i o n .  Ne ver t he ­
l e s s ,  c y t o p l a s mi c  i n t e r a c t i o n s  might play some ro l e  by i n f l u e n c ­
ing the f a t e  of  the f u s i o n  product .  We do not  know, f or  exampTe,  
i f  the cytoplasm o f  the i n a c t i v a t e d  parent  might not be "reac ­
t i v a t e d"  by the cytopl asm o f  the o ther  parent .  These b a c t e r i a  
would be then d e t e c t e d  as +++ wi ld type "recombinants".  When 
t e s t e d ,  the great  maj or i ty  o f  t hes e  wi ld type recombinants  prov­
ed to be s t reptomyc i n  r e s i s t a n t  which sugges t ed  t hat  they are 
real  recombinant  progeny o f  tne r e c i p i e n t  parent .  N e v e r t h e l e s s ,  
s t reptomyc i n  s e n s i t i v e s  are a l s o  o f t e n  d e t e c t e d  among t hese  
wi l d t y p e s ,  and wi th them i t  i s  i mp o s s i b l e  to dec i de  i f  they are 
r e a c t i v a t e d  p a r e n t a l s  or recombinants  which r e ce i v ed  the s t r e p t o ­
mycin s e n s i t i v i t y  as a n o n - s e l e c t e d  marker,  too.
The second q ue s t i o n  to be r a i s ed  may be i f ,  even under i d e n t i c a l  
c o n d i t i o n s ,  some c l a s s e s  of  the recombinants  are not handicapped  
by p h y s i o l o g i c a l  f a c t o r s  and t h e r e f o r e  the d i s t r i b u t i o n  of  non-  
- s e l e c t e d  markers i s  not the e x p r e s s i o n  o f  l i nkage  r e l a t i o n s  in 
g e n e t i c  terms but the e x p r e s s i o n  of  l i nkage  r e l a t i o n s  in p h y s i ­
o l o g i c a l  terms.  A convi nc i ng  answer cannot  be given to t h i s  
q ue s t i o n  at  p re s e nt .
The t h i r d  d i s t u r b i n g  f a c t o r  may be in the t echni que  of  d e t e c ­
t i o n  of  the phenotypes o f  the s e l e c t e d  c o l o n i e s .  Namely,  the po­
p u l a t i o n  of  a s e l e c t e d  col ony may be composed of  i nd i v i du a l  
s e g r eg a nt s  wi th d i f f e r e n t  phenotypes ( 7 ) .  In order to t e s t  the  
phenotype of  a colony a suspens i on  i s  made from i t  (or  r e p l i c a  
p l a t i n g  i s  car r i ed  o u t ) ,  where even from of  a maj or i ty  popul a­
t i o n  of  a minus phenotype ,  i nd i v i d u a l  s e g r eg a nt s  wi th + pheno­
type w i l l  grow on every medium. The r e f o re ,  wi thout  f ur t he r  
s t e ps  in progeny a n a l y s i s  one never can be sure t hat  a + pheno­
type of  a colony i s  t rue  or whether one i s  d e a l i ng  wi th a mix­
ed po pu l a t i o n .  T i l l  r e c e n t l y  we were convinced that  at  l e a s t
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the minus phenotypic  markers can be accepted and used f or  l i n k ­
age a n a l y s i s  wi thout  any doubt ,  but a f t e r  having read the paper 
o f  Ro l l i n  Hotchkiss  (.21) one w i l l  r e a l i z e  that  we might be wrong 
even in t h i s  r e s p e c t .
Taking a l l  the above d i s c u s s e d  f a c t s  i n t o  c o n s i d e r a t i o n ,  one has 
to r e a l i z e  that  f ur t he r  e f f o r t s  are needed to e l i mi n a t e  the un­
c e r t a i n t i e s  in the system.  Furthermore,  i t  i s  q u i t e  c l e a r  that  
to use the p r o t o p l a s t  f us i o n  t echni que  for  g e n e t i c  a n a l y s i s  one 
needs more unders tanding of  the i n t e r a c t i o n s ,  both p h y s i o l o g i c a l  
and g e n e t i c a l ,  which take p l ace  during and a f t e r  the f u s i o n  pro­
c e s s .
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RECOMBINATION, SEGREGATION, AND UNEQUAL CHROMOSOME EXPRESSION
IN BACTERIAL DIPLOIDS CREATED BY PROTOPLAST FUSION
Ro l l i n  D. Hotchki ss  and Magda Gabor Hotchki ss
The R o c k e f e l l e r  U n i v e r s i t y  
New York , N.Y. 10021 , USA
In the normal ly hapl o i d  b a c t e r i a ,  al though fragments  of  one ge ­
nome had o f t e n  been i nt roduced i n t o  another  c e l l  by various  
means o f  t r a n s f e r ,  t o t a l  genomes were f i r s t  brought  t o g e t h e r  by 
p r o t o p l a s t  f u s i o n .  When f u s i o n  o f  BaciZlui ,  i u b t i Z i i  p r o t o p l a s t s  
was f i r s t  announced by S c h a e f f e r ,  Cami and Hotchki ss  ( 1 ) ,  they  
reported the formation o f  hapl o i d  g e n e t i c  recombinants  showing 
new combinat ions  o f  markers der i ved from two d i f f e r e n t  auxotroph­
i c  parent  l i n e s .  This recombi nat ion was f r e q u e n t l y  mu l t i p l e  
wi t h i n  the t i n y  f r a c t i o n  (10~4)  of  the c e l l s  which showed r e ­
combinat ion at  a l l .  S ince  a l l  protot rophs  and recombinants  ap­
peared to be h a p l o i d s ,  i t  was i n f e r r e d  that  any d i p l o i d  s t a g e  
(which would be expec ted  to be p r o t o t r o p h i c  through complemen­
t a t i o n )  that  r e s u l t e d  from f u s i o n  must be s h o r t - l i v e d .  Under 
the c o n d i t i o n s  used at  t h a t  t ime u s u a l l y  l e s s  than 10 % o f  i n ­
put p r o t o p l a s t s  were being s u c c e s s f u l l y  regenerat ed  i n t o  v i a b l e  
b a c t e r i a l  c o l o n i e s ,  t h e r e f o r e  to d e t e c t  recombinants  i t  was nec ­
e s s a r y  to sample massed b a c t e r i a l  regenerant s  obta i ned from 
around 106 p r o t o p l a s t s .  I t  was thus q u i t e  p o s s i b l e  to imagine  
that  the e n t i t i e s  g i v i ng  r i s e  to recombinants  might be some r e ­
l a t i v e l y  unusual i n t e r m e d i a t e ,  e . g .  a p o l y k a r y o t i c  aggregate  
crea t ed  by the exposure  to the p o l y e t h y l e n e  g l y c o l  (PEG).
Fodor and A l f ö l d i ,  in an accompanying paper ( 2 ) ,  had reported  
s i m i l a r  y i e l d s  of  recombinants  from doubly auxotrophi c  BaciZZui  
me. gate,  f ii  um p a r e n t s ,  wi th some ev i dence  o f  u ns t a b l e  i nt ermedi a t e s  
g i v i ng  r i s e  to the recombinants  and,  somet i mes ,  parental  t ypes .  
They al lowed g e n e t i c  s e l e c t i o n  to operat e  a l ready  during the r e ­
g enerat i on  process  ( 2 , 3 ) ,  which was adequat e l y  complete  under 
t h e i r  c o n d i t i o n s .
Subsequent  report s  have des cr i bed  ev i dence  that  one parental  
p r o t o p l a s t  c u l t u r e  - e i t h e r  one - can be k i l l e d ,  wi th s t r e p t o ­
mycin (4)  or by heat  ( 5 ) , wi thout  s e r i o u s l y  d i s t u r b i n g  the ge ­
n e t i c  consequences  o f  what must be e s s e n t i a l l y  an i n t e r a c t i o n  
of  whole chromosomes.  Hopwood and a s s o c i a t e s  have meanwhile r e ­
ported t hat  f r equent  mu l t i p l e  recombi nat ions  occur in S t f i e p t o -  
mycei  coeZicolci f i  fused in p r o t o p l a s t  form ( 6 ).
At t h i s  po i nt  i t  was easy to suppose that  for  the B a c i l l u s  spe-  
c.ies s u c c e s s f u l  f u s i o n  was an oc c a s i o n a l  e v e n t ,  but recombination
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was a very f r eque nt  occurrence  in t hos e  o c c a s i o n a l l y  fused  
c e l l s .  We began to doubt t h i s  only when s e v e r a l  s i g n s  appeared 
t ha t  f us i o n  was a c t u a l l y  f r equent  in i t s e l f .
We had succeeded in improving the exper imenta l  c o n d i t i o n s  so 
t ha t  v i r t u a l l y  a l l  B. i u b t - L l I *  p r o t o p l a s t s  can be r e g e n e r a t e d ,  
and so t hat  even a f t e r  PEG t r e a t me nt ,  50-75 % o f  them could form 
b a c t e r i a l  c o l o n i e s  ( 7 ) .  Using t h e s e  c o n d i t i o n s  we found t h a t  f u ­
s i o n  was f reque nt  enough t hat  recombi nat ion was not  l i mi t e d  by 
c o l l i s i o n s  between p r o t o p l a s t s  (not  a second o r  h i gher  order  
power of  p r o t o p l a s t  c o n c e n t r a t i o n )  but was a s i mple  l i n e a r  f unc ­
t i o n  o f  the t o t a l  p r o t o p l a s t  c o n c e n t r a t i o n .  I f  one parent  was 
"di l ut ed" i n t o  a l ar g e r  q ua n t i t y  o f  another  p r o t o p l a s t  t y p e ,  the  
proport i on  of  mi nor i t y  type p a r t i c i p a t i n g  in recombi nat ion ac ­
t u a l l y  i n c r e a s e s  (7) ’ - the ex c e s s  o f  the other  p r o t o p l a s t s  en­
s ur i ng  f u s i o n s  in proport i on  to the t o t a l  number of  p r o t o p l a s t s  
p r e s e n t .  N e v e r t h e l e s s ,  only  the usual  low y i e l d  of  recombinants  
was obtained.  I t  appeared t h a t  some f a c t o r  o ther  than c o l l i s i o n  
and con t a c t  l i m i t e d  the occurrence  of  g e n e t i c  recombi nat ion .
Through the f r i e n d l y  c o o pe r a t i o n  which has been maintained b e t ­
ween the Orsay l a bor at ory  and our own, we l earned at  an ea r l y  
t ime t h a t  Sa nc he z - Ri vas and coworkers had demonstrated c o n s i d e r ­
ably more d i r e c t l y  t ha t  f u s i o n  event s  were f requent  in B. Kub- 
t l l - i i  p r o t o p l a s t s  t r e a t e d  wi th PEG. The work has j u s t  been pub­
l i s h e d ,  t o g e t h e r  wi th our own, j u s t  summarized.  E l ec t ron  mi cro­
scope s tudy ( 8 ) wi th prespores  as c e l l  markers showed t h a t  2 - 
and 3-member f us i o n  products  bounded by a s i n g l e  membrane were 
formed during a few minutes  i nc ubat i on  f o l l o w i n g  PEG t reatment .  
The number o f  c e l l s  i nv o l v e d  in f u s i o n  could be e s t i mat ed  as 
reaching  10 to 50 % o f  the p r o t o p l a s t s  p r e s e n t .  In a p a r a l l e l  
work ( 9 ) ,  phage complementat ion between two induced l y s o g e n i c  
parents  was used to measure f u s i o n  wi thout  re qu i r i n g  the pro­
c e s s  to co nt i nue  through to c e l l  wal l  r e g e n e r a t i o n .  In t h i s  way 
again i t  could be e s t i ma t ed  that  20 to 50 % o f  the popul at i on  
took part  in f u s i o n ,  o n e - h a l f  o f  which i nvo l ved  h e t e r o l o g o us  
pai r s  and could y i e l d  i n f e c t i o u s  phage.
Thus,  from o n e - t e n t h  to o n e - h a l f  of  the p r o t o p l a s t s  became f u s ­
ed,  by a l l  a c c o u n t s ,  y e t  protot rophs  had been d e t e c t e d  only as 
part  of  the t i n y  f r a c t i o n  making hapl o i d  recombinants .  We had 
to suppose t hat  the g re a t  maj or i t y  o f  the fused h e t e ro l o g o us  
pai r s  must have s e g r e g a t e d  i n t o  parenta l  c e l l s  be f or e  they were 
able  to produce c o l o n i e s  of  p r o t o t r o p h i c  d i p l o i d s .  But,  we 
reasoned,  s i n c e  we are now abl e  to re g e ne r a t e  v i r t u a l l y  a l l  of  
the p r o t o p l a s t s ,  we should f i nd a s i gn  of  the temporary e x i s t ­
ence o f  the h e t e r o d i p l o i d s  - what we pre d i c t e d  as "bi parenta l "  
c o l o n i e s .  These would be c o l o n i es wh1ch a f t e r  r e g e n e r a t i o n  could  
be demonstrated to cont a i n  both o f  the two d i f f e r e n t l y  marked 
parenta l  auxotrophi c  t y p e s ,  r e f l e c t i n g  t h e i r  t r a n s i t o r y  e x i s t ­
ence in some complex r e s u l t i n g  from f u s i o n .
Looking,  then,  not at  the massed re g e n e r a t i n g  c e l l s  on crowded 
p l a t e s ,  but at  the s eparat ed  c o l o n i e s  der i ved from high d i l u ­
t i o n s  o f  the p o s t - f u s i o n  mi x t ure ,  we e a s i l y  found t hat  some 1 
to 5 % o f  randomly picked recovered c o l o n i e s  conta i ned such a 
mixture .  A few,  one percent  of  the t o t a l ,  more or l e s s ,  proved 
to be g e n e t i c  recombi nant s ,  c o n s t i t u t i n g  10-50 t imes more than
HOTCHKISS AND HOTCHKISS
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could be d e t e c t e d  among the massed r e g e n e r a n t s .  The r e s t  o f  the  
c o l o n i e s  could be c l a s s i f i e d  as e i t h e r  one or the o ther  o f  the  
parents  a l t ho ut h  s e p a r a t e  s t u d i e s  showed t hat  even a few of  t h e s e  
are recombinants  which have acquired one or two w i l d - t y p e  genes  
from an o p p o s i t e  parent .  Typical  e a r l y  exper iments  and the p r i n ­
c i p l e s  upon which they are based are gi ven in Table 1.
TABLE 1 Primary regenerat ed  c o l o n i e s  from f u s i o n  o f  m u l t i p l e
auxotrophs
Cross : Parent  A (ALM) x Parent  B (T0U)~
Primary regenerat ed  Grovying
c o l o n i e s  m m „ medium A
Growi ng 
i n
medium B
Growing 
in both 
A and B
Growing in 
n e i t h e r 
A nor B
D e f i n i t i o n s :
Parent  A + 0 0 no
Parent  B 0 + 0 no
Bi parenta l  AB + + + no
Certa i n  recombinants 0 0 0 yes
Experimental  f i n d i n g s
I 439 238 216 18 3
II 671 383 297 1 5 7
III  336 189 162 1 5 0
Symbols : A, adenine;  L, l e u c i n e ;  M, methi oni ne ;  T, t hre o n i n e ;
9 ,  t ryptophan;  U, ur a c i l  ( '  mutants showing d e f i c i e n c y )  
As s t r a i n s  and medium, A s i g n i f i e s  parent  A which 
grows in ALM or medium A, a minimal medium supplemented  
with aden i ne ,  l e u c i n e  and methi oni ne .
The b i pare nt a l  mixed c u l t u r e s  may be supposed to a r i s e  from e a r ­
ly s e g r e g a t i o n  o f  the fused he t e r o l o g o us  p a i r s ,  which from the 
work c i t e d  above are expec ted to have formed in c o n s i d e r a b l e  
numbers.  On the other  hand,  they might be merely the r e f l e c t i o n  
of  p r o t o p l a s t  pairs  s imply s t i c k i n g  t o g e t h e r ,  or ag g r e g a t e d ,  
wi t hout  having f u s e d ,  at  the t ime of  sampl ing.  But,  i t  turned 
out t h a t  many o f  the b i p a r e n t a l s  cont i nue  to behave as b iparen-  
t a l s  and s t i l l  g i v e  r i s e  to mixed c u l t u r e s  a f t e r  repeated pas ­
s a g e s .  This i s  i n d i c a t e d  s c h e m a t i c a l l y  in Table 2,  in which one 
b i pa r e nt a l  ( I ) ,  i s  shown as s e p a r a t i n g  before  the f i r s t  t e s t  
merely behaving as a mi x t ure ,  another  ( I I )  has separat ed  by the  
t ime of  i t s  t h i rd  p a s s a g e ,  wh i l e  III  s t i l l  appears b i parent a l  
a f t e r  the fourth passage .  As i n d i c a t e d ,  e i t h e r  par e n t ,  A or B, 
can "carry" the other  parent  as A(B) or B(A),  as i t  cont i nue s  
to grow on i t s  s e l e c t i v e  medium, and t h e s e  two types  are found 
in approximate l y  equal  p r o p o r t i o n s ,  and have s i m i l a r  ranges of  
s t a b i l i t y .  The b i pare nt a l  s t a t e  can cont i nue  for  as many as 8 or
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TABLE 2 Behavior of  b i pare nt a l  c o l o ni es  on f ur t her  propagat ion
HOTCHKISS AND HOTCHKISS
Colony type  
and number
Samp 1ed 
from 
med i urn
A b i l i t y  
mi n i ma 1
to grow on s e l e c t i v e  
med i a
A B complete
Di agnos i s
Bi parenta l  I r e g e n . 0 + + AB
" AB-1 A 0 + 0 + A seg.
" AB-1 B 0 0 + + B s e g .
Bi parental  11 r e g e n . 0 + + + AB
" AB-11 A 0 + r\ + A seg.
" AB-I I B 0 + + + B ( A)
" B ( A ) A 0 + 0 + A seg.
" B ( A ) B 0 + + + B (A ) - 2
" B ( A ) - 2 A 0 + 0 + A seg.
" B ( A ) - 2 B 0 + + + B ( A ) - 3
" B ( A ) - 3 A 0 + 0 + A seg.
" B ( A ) - 3 B 0 0 + + B seg.
Bi parental  III r e g e n . 0 + + + AB
" AB- 11 I A 0 + 4- + A ( B)
" AB-II I B 0 0 + + B s e g .
" A ( B ) A 0 + + + A ( B ) - 2
" A ( B ) B 0 0 + + B seg.
" A ( B ) - 2 A 0 + + + A ( B ) - 3
" A ( B ) - 2 B 0 0 + + B seg.
" A ( B ) - 3 A 0 + + + A ( B ) - 4
" A ( B ) - 4 A 0 + + + A ( B ) - 5
Comments: I l l u s t r a t i v e  examples are represented  of  three  d i f -
f e r e n t  b i pare nt a l  c o l o n i e s  (I to I I I )  taken d i r e c t l y  from 
re g e n e r a t i o n  medium. Di agnos i s  of  s u c c e s s i v e  l a t e r  passages  
( i n d i c a t e d  by arabi c  numbers) ,  from the medium i nd i c a t e d  in 
the second column,  l eads  to the c o n c l u s i o n  t h a t  I has a l ­
ready s e g r eg a t e d  when f i r s t  t e s t e d ;  that  II has s egregated  
by the th i rd  passage;  and t hat  III  i s  r e l a t i v e l y  s t a b l e  be­
ing s t i l l  b i parent a l  at  l e a s t  at  a fourth passage .  The i d ­
e n t i f i c a t i o n  as A(B) or B(A) cannot  be made u n t i l  a t e s t  i s  
made in the f i r s t  passage .  Each type of  behavior  shown has 
been observed in over a hundred c o l o n i e s ,  wi th minor v a r i a ­
t i o n s .
more p a s s a g e s ,  through at  l e a s t  100 c e l l  g e n e r a t i o n s .  The e x ­
periment  present ed  in Table 3,  r e p r e s e n t a t i v e  o f  many o t h e r s ,  
i n d i c a t e s  t ha t  approximate l y  equal numbers,  around one percent  
of  the regenerat ed  c o l o n i e s ,  or s l i g h t l y  more,  appeared ih the  
f o l l o w i n g  three  c l a s s e s :  (a)  e a r l y  recomb i n a n t s ,  (b) b i pa re nt a l s
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which s egregat ed  more or l e s s  e a r l y  , and (c )  b i pa re nt a l s whi ch  
p e r s i s t e d  for  many c e l l  d i v i s i o n s ,  some of  them producing l a t e  
recombinants .  The recombinants  thus recognized  among s i n g l e  c o l ­
o n i e s ,  and even the small  group o f  l a t e  recombinants  were far  
in e x c es s  of  those  d e t e c t e d  in the usual  way by r e p l i c a  p l a t i ng  
from massed re generant s .
TABLE 3 S i ng l e  colony a n a l y s i s  of  f us i o n  V: ( ALM) x (T8U)
Among 1032 pos t  f us i o n  c o l o n i e s  there  were found:
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27 b i pare nt a l  c o l o n i e s  ( 2 . 6  %)
14 ea r l y  recombinants  ( 1 . 4  %),  i nc l ud i ng  AL8 , ALMU, LMTU
and 5 others
From the 27 b i pare nt a l  c o l o n i e s :
15 had s egregat ed  pure parents  at  25 d i v i s i o n s
10 s t i l l  car r i ed  two parents  at  50
2 gave one parent  and one recombinant  at  50 
6 s t i l l  car r i ed  two parents  at  70
1 gave two p a r e n t s ,  one recombinant  at  70 
(Late recombinants:  3 c o l o n i e s ,  0 . 3  %)
Standard r e p l i c a  p l a t i ng  gave only 0 .057 % recombinants .
What i s  most important  and unexpected about the b i p a r e n t a l s  i s  
that  they mani f es t  uniquely the phenotype of  only one of  the  
p a r e n t s ,  al though i t  can be e i t h e r  one.  I t  i s  q u i t e  uni formly  
true t h a t  they requi re  for  growth p r e c i s e l y  the three  n u t r i t i o n ­
al f a c t o r s  required by that parent  (and nou merely one,  or two,of  
the t h r e e ) ,  and t h a t  they remain independent  of  thos e  three  need­
ed by the other  parent .  Yet ,  a f t e r  s eg r e g a t i o n  that  other  par­
ent  w i l l  reappear ,  showing in f u l l  i t s  requirements  and now 
ma n i f e s t i n g  i t s  independence of  the very f a c t o r s  which the b i ­
parental  had requi red .  The more s t a b l e  b i p a r e n t a l s ,  at  l e a s t ,  
must be cons i dered  as d i p l o i d s  in some s e n s e ,  s i n c e  they can 
propagate  as such,  s e g r e g a t e ,  and show recombi nat ion.  I t  i s  
most c h a l l e n g i n g ,  t h e r e f o r e ,  that  they do not show the e x p e c t ­
ed complementat ion between the genomes they carry.
I t  w i l l  be important  to determine in what way the two genomes 
c o e x i s t  during the p e r s i s t i n g  b i parent a l  s t a t e .  I t  might be 
thought  that  one parenta l  c u l t u r e ,  growing on i t s  own medium,  
can,  by c r o s s - f e e d i n g  the o t h e r ,  supply required n u t r i e n t s  s u f ­
f i c i e n t l y  wel l  to maintain i t .  We have proceeded along two 
l i n e s  of  i n v e s t i g a t i o n  which show t h i s  to be u n l i k e l y :  recon­
s t r u c t i o n  exper i ment s ,  and s ubc l o n i ng .  F i r s t ,  no mode o f  c o ­
c u l t i v a t i o n  of  two s t r a i n s ,  among the s evera l  t r i e d ,  succeded  
in pres e rv i ng  a parent  on the medium s e l e c t i v e  f or  the o ther ;  
c r o s s - s t r e a k i n g ,  mixing and s e r i a l  t r a n s f e r  in d i f f e r e n t  ways 
on d i f f e r e n t  media,  a l l  revea l ed  t hat  i n s t e a d  o f  c r o s s - f e e d i n g ,  
the s t r a i n s  were rat her  s e v e r e l y  c o mp e t i t i v e  against each o t her ,  
when growing at  c l o s e  range.  Even with mass passages  of  s eve ra l
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hundred c e l l s  on s e l e c t i v e  s o l i d  media,  a mixture  becomes pure 
f or  the s e l e c t e d  parent  in one passage  or at  most two.  Any r e ­
maining doubt d i sappeared when we subc loned the b i pa r e nt a l  c u l ­
tures  a f t e r  a s u b s t a n t i a l  number of  g e n e r a t i o ns  in r i ch  l i q u i d  
medium, which would s e p a r a t e  or d i l u t e  out any a r t i f a c t u a l  ag­
g r e g a t e s  i f  they should be p r e s e n t .  Even though the proces s  i n ­
volved three  passages  (growi ng ,  spreadi ng  a d i l u t i o n ,  and r e ­
growing c l o n e s ) ,  an a p p r e c i a b l e  proport i on  of  the c u l t u r e s  s t i l l  
conta i ned  b i pa r e nt a l  c l o n e s .  S i nce  we have not  y e t  f u l l y  e x p l o r ­
ed the e f f e c t  of  var i ous  media on the s t a b i l i t y  of  b i p a r e n t a l s ,  
we may not have obta i ned opt imal  c o n d i t i o n s  f or  p r e s e r v i n g  them.
An i l l u s t r a t i o n  o f  what can be observed among 1000 randomly 
chosen regenerant s  a f t e r  f u s i o n  i s  g i ven in Table 4.  About 15-  
20 % o f  the o r i g i n a l  b i p a r e n t a l s  are g e n e r a l l y  found to be of  
the "s t abl e" t y p e , p e r s i s t i n g  at  l e a s t  in part  as d i p l o i d s  
through the s e v e r a l  passages  on complete  or r i ch medium i n v o l v ­
ed in s u b c l o n i n g .  A l a r g e r  proport i on  p e r s i s t  through such pas ­
sages  on s o l i d  media as thos e  d e s c r i b e d  in Table 2,  where a 
l ar g e r  inoculum i s  passed to media s e l e c t i v e  for  the phenotype  
being e x p r e s s e d .  A second s ubc l o n i ng  tends to show a high pro­
port i on  of  d i p l o i d s  in the p r e s e l e c t e d  c l o n e s .  Except f or  the  
approximate one percent  of  g e n e t i c  recombinants  gra dua l l y  ap­
pear i ng  in the d i p l o i d  s u b c l o n e s ,  the phenotypes  d e t e c t e d  in b i ­
p a r e n t a l s  correspond p r e c i s e l y  to thos e  o f  one,  or the o t h e r ,  of  
the o r i g i n a l  p a r e n t s .  Several  c r o s s e s  wi th d i f f e r e n t  parenta l
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s t r a i n s have given t h i s  same res u 11 •
TABLE 4 Proces s i ng of  p o s t - f us i o n c o l o n i e s  : summary o f  experi
ence
Random regenerat ed c o l o n i e s Screen 1000 c o l o n i e s
Growth in one parental medium g i v e s Pa r e nt s ,  A or B 900 -950 ci
II " both med i a Bi p a rent a l s 50
Sol i d s e l e c t i v e  media; (30 d i v . ) Segregated parents  
Pers i s t i  ng
38 
1 2bi p a rent a l s
Liquid ri ch media; c l oned (35 d i v . ) Parents  , A and B 45
Di p l o i ds 5
Screen d i p l o i d s  in:  
Parental  medium A A( B) + few A 2-3
Parental  medium B B ( A) + " B 2-3
Minimal medium 0 Di pl o i d 0.005p r o t o t r o p h s :
S e l e c t i v e  medi a vari  ous Recombi nants var. 0 . 05
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Survi va l  of  a c u l t u r e  bear i ng  one phenotype through numerous 
passages  and c l o n i n g ,  the reproduct i on  and r e t e n t i o n  o f  an un­
expre s s ed  genotype in some c e l l s ,  and the moderate l y  f requent  
appearance of  recombinants  between the two genomes,  l ead us to 
concl ude t h a t  PEG-induced d i p l o i d s  are being s u c c e s f u l l y  pro­
pagated in t h e s e  normal ly hapl o i d  b a c t e r i a .  Evidence for  another  
kind of  d i p l o i d  has in the meantime been d i s c o v e r e d ,  among a 
f r a c t i o n  of  the r e l a t i v e l y  rare protot rophs  found at  10“ 5 l e v e l  
during recombinant  s c r e e n i n g .  By s e a r c h i n g  among fused r e c - c a l -  
tures  f or  protot rophs  g i v i ng  r i s e  to auxotrophs ,  Levi (10)  was 
abl e  to f i nd  some o f  them - four c l o nes  were examined in d e t a i l  
- which s e g r e g a t e d  d i f f e r e n t  s t a b l e  auxotrophs whi l e  being pro­
pagated as a pro t o t ro ph .  Furthermore,  Sanchez-Ri  vas (11)  ip a s 
observed that  r e c + s t r a i n s  a l s o  g i ve  r i s e  to such s e g r e g a t i n g  
proto t rophs  at  s i m i l a r  f requency i f  a p p r o p r i a t e l y  s e l e c t e d .  The 
s e g r e g a t i n g  types  i n d i c a t e d  in the o r i g i n a l  B. rnzgatzti lum work 
may be q u i t e  s i m i l a r ,  a l s o  r e p r e s e n t i n g  a rare kind o f  d i p l o i d  
in which the two genomes do complement each other  ( 2 ).
The d i p l o i d s  which we have found and des cr i bed  above seem to be 
produced at  a l e v e l  about 100 t imes  more f reque nt .  I t  t h e r e f o r e  
appears t hat  two chromosomes can be,  but only e x c e p t i o n a l l y  
a r e ,  expre s s ed  wi t h i n  the same bacter i um.  This i s  q u i t e  une x pe c t ­
ed,  in view o f  the e x t e n s i v e  work wi th p a r t i a l  d i p l o i d y  in ba c ­
t e r i a ,  brought  about by t r a n s f e r s  of  p l a s mi d s ,  ep i s omes ,  chro­
mosome fragments  and o ther  DNA e n t i t i e s ,  and t h e i r  ready,  i f  not  
i n e v i t a b l e ,  e x p r e s s i o n .  Al though whole chromosomes t r a n s f e r r e d  
during f u s i o n ,  l i k e  such f ragment s ,  can o f t en  be subs e quent l y  
r e p l i c a t e d ,  the very compl e t eness  o f  p r o t o p l a s t  f u s i o n  may be 
what permit s  us to observe  the p o s s i b i l i t y  t ha t  they can assume 
and be maintained in an unexpressed s t a t e .  The p e r s i s t i n g  h a b i t  
of  e x p r e s s i o n  of  the one s e l e c t e d  chromosome in any given d i ­
p l o i d  l i n e ,  as d e s c r i b e d ,  s u g g e s t s  a phy s i ca l  o r g a n i z a t i o n  or 
a s s o c i a t i o n  (wi th membrane, e t c . ) which i s  d i f f e r e n t  for  the two 
chromosomes,  and e p i g e n e t i c a l l y  propagated.  This p o s s i b i l i t y  
w i l l  be a s u b j e c t  of  our c o nt i nu i ng  i n v e s t i g a t i o n s .  It  might be 
i n t e r e s t i n g  to i nq u i r e  whether in other  f us i o n  s y s t e ms ,  a l arge  
c l a s s  of  s i m i l a r  non-complement ing d i p l o i d s  may be over looked  
in the s c r e e n i ng  o f  f u s i o n  produc t s .
SUMMARY
Condi t ions  dev i s ed  f or  v i r t u a l l y  complete  r e g e n e r a t i o n  o f  bac­
t e r i a l  c o l o n i e s  from p o l y - a u x o t r o p h i c  BclcI I I ua a l l bt- i l - i i  p r o t o ­
p l a s t s  have permi t ted a q u a n t i t a t i v e  a n a l y s i s  o f  s i n g l e  c o l o n i e s  
r e s u l t i n g  from p r o t o p l a s t  f u s i o n .  As p r e v i o u s l y  obs erve d ,  only  
a smal l  y i e l d  ( l e s s  than 10"^) o f  p r o t o t r o p h i c  b a c t e r i a  are ob­
t a i n e d ,  most of  them hapl o i d  recombinants .  A much l ar g e r  number,  
2 to 10 p e r c e n t ,  o f  the regenerat ed  c o l o n i e s  are b i p e r a n t e l ,  
c o n t a i n i ng  the genomes o f  both parents  in unchanged form. Many 
of  t h e s e  have a l ready s e p a r a t e d ,  or soon s e g r e g a t e  i nt o  t y p i c a l  
parenta l  c e l l  l i n e s ,  but a s u b s t a n t i a l  proport i on  can be cloned  
as d i p l o i d s  s t a b l e  through as many as 90 c e l l  g e n e r a t i o n s .  Un­
e x p e c t e d l y ,  t h e i r  phenotype during the d i p l o i d  phase i s  p r e c i s e ­
l y  t ha t  o f  one or the o ther  parental  t y p e ,  and not  the assumed
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proto t rophi  one which would r e s u l t  from complementat ion.  I t  ap­
pears t ha t  the b a c t e r i a l  chromosome can assume a c o n f i g u r a t i o n  
or a s s o c i a t i o n  in which i t  can be r e p l i c a t e d ,  but i s  not t r a n ­
s c r i b e d  or expre s s ed .  About one percent  of  intergenome recom­
bi nant s  of  a v a r i e t y  of  types  appear among the f i r s t  p o s t - f u s i o n  
c o l o n i e s ,  and a s i m i l a r  proport i on  of  recombinants  are found 
in d i p l o i d  c l o nes  at  a l a t e r  t ime when they have s e g r e g a t e d  i n ­
to hap 1oi d s .
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ABSTRACT
The t r a n s f e r  o f  n o n - t r a n s mi s s i b l e  plasmids  pSF2124,  pBR322,  
pMB9 and pJJl  between d i f f e r e n t  E. c o i l  F" s t r a i n s  has been de­
monstrated by the method of  p o l y e t h y l e n e  g l y c o l - i n d u c e d  f us i on  
of  p r o t o p l a s t s .  The plasmids  that  have been t r a n s f e r r e d  by t h i s  
method were maintained s t e a d i l y  in the great  major i ty  of  the  
r e c i p i e n t  b a c t e r i a .  A study o f  the t r a n s f e r  of  plasmids  be­
tween c e l l s  o f  s y s t e m a t i c a l l y  d i s t a n t  microorganisms i s  under 
way.
A new, r e c e n t l y  developed techni que  for  the t r a n s f e r  o f  g e n e t i c  
i nf ormat i on  between the c e l l s  o f  microorganisms i s  po l y e t h y l e n e  
g l y c o l - induced f us i on  of  p r o t o p l a s t s .  This t echni que  was used 
to obta i n  recombinant  forms of  d i f f e r e n t  s t r a i n s  o f  B. a u b t l l l i  
( 1 ) ,  B. me.gate.Kium ( 2 ) ,  StKep tomyceá  ( 3 ) .  The p o s s i b i l i t y  of  
p r o t o p l a s t  f u s i o n  and the format ion of  recombinants  f or  E . c o i l  
has been shown by Zenin e t  a l .  ( 4 ) .  The aim of  t h i s  work was 
to i n v e s t i g a t e  whether p r o t o p l a s t  fus i on  could be used for  
t r a n s f e r r i n g  of  non- tra ns m i s s i b 1e plasmids  between d i f f e r e n t  E. 
c o l l  s t r a i n s .
E. c o l l  c e l l s  were grown on a minimal medium with 10 t  sucrose  
and o ther  neces sary  f a c t o r s  at  30°C.  P r o t o p l a s t s  were obtained  
according  to the method o f  Weiss (5)  modi f i ed by Zenin e t  a l . 
(4)  ( l ysozyme,  100 yg/ml ; EDTA, 0.01 M, pH 7 . 0  in the presence  
of  d e o x y r i bo nuc l e a s e  5 ug/ml and MgClo, 0 . 05 M). The number of  
v i a b l e  c e l l s  in the s us pens i on  of  p r o t o p l a s t s  varied from 0 . 5  
to 10 % depending on the s t r a i n .
Equal volumes of  two s us pe ns i ons  were mixed,  incubated for  20 
mins at  room temperature ,  c e n t r i f u g e d  and resuspended in a 40 % 
s o l u t i o n  of  PEG to obt a i n  the i n i t i a l  volume.  The samples were 
put i n t o  0. 6  % agar and p l a t ed  e i t h e r  onto an agar medium en­
r i ched with Casamino ac i ds  ( 0 . 5  %) and y e a s t  e x t r a c t  ( 0 . 5  %) or 
onto a minimal medium wi th the amino ac i ds  neces sary  f or  the
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r e c i p i e n t  s t r a i n .  The p r o t o p l a s t s  o f  r e c i p i e n t  s t r a i n s  only were 
a l s o  p l a t ed  as a c o n t r o l .  Af t er  5-6 days o f  c u l t i v a t i o n  at  30°C 
the s o f t  agar l a y e r  was scraped o f f ,  resuspended in an appro­
p r i a t e  l i q u i d  medium and c u l t i v a t e d  f or  18-20 hrs .  Then the sam­
p l e s  were p l a t ed  onto an agar n u t r i e n t  broth wi th a n t i b i o t i c s .  
The c u l t i v a t e d  c o l o n i e s  were examined f or  determinants  of  r e ­
c i p i e n t  c e l l s  and p lasmids .
The c h a r a c t e r i s t i c s  o f  the s t r a i n s  and plasmids are shown in 
Table 1 .
VOROBJEVA AND KHMEL
TABLE 1 S t r a i n s  and plasmids o f  E. c o l l  
E. c o l l  s t r a i n s  Genotype Plasmids
NF59 F* met arg relA s t r - r
GC146 F* pro h i s metA malB
1 ac gal s t r - r
C600 ( pSF2124) F" 1 eu thr B1 p S F 2124
n r i nm Ap, El
s y n t h e s i s  El
C600 ( pBR322 ) F' 1 eu th r B1 pBR322 
Ap, Tc
C600 (pJJl  )* F" 1 eu thr B1 pJJl  
Ap , Km
C600 ( pMB9 ) F" 1 eu thr B1 pMB9
Tc
★
The plasmid pJJl  was c o ns t r uc t ed  in the Laboratory of  
A. I .  Stepanov in the I n s t i t u t e  o f  Genet i c s  -and S e l e c t i o n  
of  I n d u s t r i a l  Microorganisms in Moscow. I t  c o n s i s t s  of  
whole mol ecul es  of  pBR322 and pUBllO and determines  the 
r e s i s t a n c e  to kanamycin and a m p i c i l l i n  in E. c o l l  c e l l s .
Using the method des cr i bed  above,  we s u c c e s s f u l l y  t r ans f e r r e d  
a l l  the plasmids  shown in Table 1 i n t o  the c e l l s  o f  the r e c i p ­
i e n t  s t r a i n s .  When 1-3x10® c e l l s  were p l at ed onto the s e l e c t i v e  
media, the average f requency o f  appearance o f  c o l o n i e s  c o nt a i n i ng  
the plasmids  was about 10" ' ,  though in some exper iments  i t  
reached high val ues  ( s e e  Table 2 ) .  This frequency was the same 
when the mixture o f  p r o t o p l a s t s  was p l a t ed  both onto the enrichi-  
ed agar medium and onto the minimal agar medium c o n t a i n i ng  the
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f a c t o r s  which were n ece s s a ry  f or  the c u l t i v a t i o n  of  the r e c i p ­
i e n t  c e l l s  only .
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TABLE 2 The f re quency of appearance1 o f the c o l o n i e s on s e l e c -
t i  ve me
Donor
a i a
Reci p i - 
ent A n t i b i o t i c s
Frequency  
o f  appearance of  
the c o l o n i e s *
C600 (pSF2124)** NF59 Ap, Str 1x 10"7
- NF59 Ap , Str < 1x 1 O' 8
C600 (pBR322 ) NF59 Ap, Tc, Str 5 x l 0 ' 8 - 1 x l o " 7
- NF59 A p , T c , Str < 1x 10“9
C600 ( pBR322 ) GC146 Ap , Tc , Str 6x 10 ~ 8 - 1 x 1 0 - 7
- GC146 Ap , Tc , Str < 3x 1 0 ” 9
C600 ( pJJ l ) NF 59 Ap, Km, Str 1 x 10"7 - 1x 10"4
NF59 Ap, Km, Str < 2x 10 " 9
*The f requency i s  e s t i ma t ed  r e l a t i v e  to the number of  
c e l l s  per ml a f t e r  c u l t i v a t i o n  in the l i q u i d  medium.
The c o n c e n t r a t i o n s  o f  the a n t i b i o t i c s  were: a mp i c i l -  
l in - 20 p g / m l ; t e t r a c y c l i n  - 20 u g / m l ; s t reptomyc i n  
- 90 yg/ml ; kanamycin - 20 ug/ml .
**In t h i s  experiment  the contro l  was the t r a n s f e r  of  
plasmid between the i n t a c t  c e l l s  o f  the donor and 
the r e c i p i e n t :  no plasmid t r a n s f e r  was found.
The f requency of  appearance o f  the c o l o n i e s  c o n t a i n i n g  plasmids  
was low.  We s e l e c t e d  c e l l s  c o n t a i n i ng  plasmids  pBR322 and pJJl , 
r e s p e c t i v e l y ,  on p l a t e s  wi th two a n t i b i o t i c s ,  so they were not  
a n t i b i o t i c - r e s i s t a n t  mutants .  In the case  of  plasmid pSF2124 
the a b i l i t y  o f  r e c i p i e n t  c e l l s  to s y n t h e s i z e  c o l i c i n  El was 
a l s o  determined.
An a d d i t i o n a l  period of  c u l t i v a t i o n  in a l i q u i d  medium was r e ­
quired beca us e ,  when the c e l l s  were p l a t ed  onto s e l e c t i v e  me­
dia immediate ly  a f t e r  having been c u l t i v a t e d  in s o f t  agar ,  no 
p1as mi d- car ry i ng  c o l o n i e s  were found.
I t  should be noted t h a t  the f requency o f  t r a n s f e r  v a r i e s  sub­
s t a n t i a l l y  depending on the c o n d i t i o n  o f  the p r o t o p l a s t s  of  
both s t r a i n s  and on the number o f  v i a b l e  c e l l s  in the p r o t o ­
p l a s t  suspens i  on.
The plasmids  t hat  have been t r a n s f e r r e d  by t h i s  method could be 
maintained s t e a d i l y  in the most i s o l a t e d  c l ones  f or  40-80 gene-  
ra t i  o n s .
We a l s o  t r i e d  to carry out the d i r e c t  s e l e c t i o n  o f  p l a s mi d - c o n ­
t a i n i ng  r e c i p i e n t  c e l l s  in the experiment  wi th p r o t o p l a s t  f us i o n  
of  E. c o l l  C600 ( p BR3 22 ) and E. c o l l  (NF59).
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Aft er  the mixture  of  the p r o t o p l a s t s  had been kept in 40 % PEG, 
the s us pe ns i o n  was d i l u t e d  5 f o l d  wi th the c u l t i v a t i o n  medium 
c o n t a i n i n g  DNAase and MgClo ( 0 . 0 5  M) and i ncubated wi th a e r a ­
t i o n  f or  2 hours at  30°C.  The samples  were then p l a t ed  onto  
the enr i ched  agar medium wi th t e t r a c y c l i n e  (20 yg/ml ) and 
s t rept omyc i n  (90 y g / ml ) .  In 4-5 days ,  the c o l o n i e s  of  the re c i p  
i e n t  were observed on t h i s  s e l e c t i v e  medium, and the frequency  
of  t h e i r  appearance ,  r e l a t i v e  to the number o f ' t h e  r e c i p i e n t  
p r o t o p l a s t s  r e v er t ed  i nt o  the c e l l  form, was equal to 1x 10- 6 ,
To determine whether the t ra ns f o r ma t i o n  of  E. t o l l  p r o t o p l a s t s  
by the plasmid DNA i s  p o s s i b l e  under t h e s e  c o n d i t i o n s ,  the pro­
t o p l a s t s  o f  E. aol-L NF59 (obt a i ned  wi thout  DNAase) were i n c u b a t ­
ed wi th 5 yg DNA pBR322 in the pres ence  o f  40 % PEG for  20 min.  
Then PEG was removed by c e n t r i f u g a t i o n ,  the p r o t o p l a s t s  were 
suspended in a f r e s h ,  enr i ched c u l t i v a t i o n  medium and i n c u b a t ­
ed wi th a e r a t i o n  f o r  1 . 5  hrs at  30°C.  No c o l o n i e s  wi th p lasmid-  
- r e s i s t a n c e  determi nant s  were observed in the exper iments  wi th  
d i r e c t  s e l e c t i o n  ( i . e . ,  when the p r o t o p l a s t s  were p l a t ed  onto  
the agar c o n t a i n i n g  t e t r a c y c l i n e  and s t r ept omyc i n )  or in the  
exper iments  wi t ho ut  d i r e c t  s e l e c t i o n  which were c a r r i e d  out as 
de s c r i b e d  above.  These exper iments  show t hat  under t h e s e  c o n d i ­
t i o n s  the t r ans f or mat i on  of  E. t o l l  p r o t o p l a s t s  by plasmid DNA 
does not  occur .
Thus,  the p o s s i b i l i t y  o f  plasmid t r a n s f e r  between c e l l s  o f  d i f ­
f erent  s tra i ns o f  E. t o l l  by the PEG-induced f us i o n  of  p r o t o ­
p l a s t s  i s  shown. This t e chni que  can be used for  the t r a n s f e r  of  
n o n - t r a n s m i s s i b l e  and no n- mo b i l i z a b l e  p l asmi ds .
At p r e s e n t ,  we have begun exper iments  to s tudy plasmid t r a n s ­
f e r  between the p r o t o p l a s t s  o f  s y s t e m a t i c a l l y  d i s t a n t  mi cro­
organi sms .  We have t r i e d  to t r a n s f e r  a number o f  plasmids  from 
the c e l l s  o f  E. t o l l  (RP4,  F10 4,  F15 0,  F126) i n t o  B. m t g o . t t u l -  
um by us ing the p r o t o p l a s t  f u s i o n  t e c h n i q u e ,  but no plasmid  
genes have been expre s s ed  so far  in the c e l l s  o f  8 . me.gattn.lum
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INTRODUCTION
Yeast  t r a ns f o r ma t i o n  has been shown p o s s i b l e  by Hinnen e t  a l .
(1 ) wi th a y e a s t  LEU2 gene c a r r i e d  by a b a c t e r i a l  v e c t o r .  The 
frequency o f  t ra ns f o r ma t i o n  was very low ( 1 0 - 7 t rans formants  per 
re generat ed  c e l l s ) .  As y e a s t  i s  an eucar yot e  and g e n e t i c a l l y  
wel l  c h a r a c t e r i z e d ,  i t  i s  p o t e n t i a l l y  a good system for  the  
t r a ns f o r ma t i o n  and c l o n i n g  of  f o r e i g n  DNA sequences .  I t  i s ,  
t h e r e f o r e ,  important  to c o n s t r u c t  a range of  p o s s i b l e  vec t ors  
and s e l e c t i o n  s ys t ems .  Beggs (2)  used the 2 um y e a s t  p lasmid,  
in which the LEU2 gene was i n s e r t e d ,  the whole being l i nked  to  
pMB9. Such a plasmid transformed y e a s t  wi th a f requency of  10- ^.
We deve l oped such a h o s t - v e c t o r  system wi th ch i mer i c  plasmids  
c o n t a i n i n g  the URA3 gene and the 2 urn y e a s t  DNA l i nked  to the  
b a c t e r i a l  plasmid pCRl. Yeast  t ra ns f o r ma t i o n  i s  ach i eved  wi th a 
high frequency and the  URA3 gene i s  maintained on a cy t opl as mi c  
el ement  ( 3 ) .
MATERIAL AND METHODS
S t r a i n s . The S.  ce-Yco-ca-tae. r e c i p i e n t  s t r a i n  was ura 3 . 1 6 0 - 2 8 8  , 
which bears two mutat i ons  in the URA3 gene and was co ns t r uc t ed  
by Losson+ . The E. c o l l  pyrF i s  devoid o f  o r o t i d i n e  5 ’ mono­
phosphate d ecar boxy l as e  (OMP decas e )  and t h i s  mutat ion can be 
complemented by the y e a s t  URA3 gene ( 4 ) .
DNA p r e p a r a t i o n s . were performed according  to c l a s s i c a l  methods 
( . 5,6) .
Cons t ruct i on  o f c h i m e r i c p l a s m i d s . The 1.1 Kb URA3 gene (which 
codes f or  the OMP decas e )  was e x t r a c t e d  from a c l one  obta i ned  
from a gene bank (7)  and c h a r a c t e r i z e d  by Bach e t  a l .  ( 4 ) .  PTY 
39 DNA ( i . e .  2 u c l oned in pCRl) was g iven to us by Hol lenberg
( 8 ) .  We i n s e r t e d  the URA3 sequence in PTY 39 at  Hind III  s i t e s .
+ I n s t i t u t  de B i o l o g i e  Mo l ec u l a i re  e t  C e l l u l a i r e ,  Strasbourg
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Transformation of  . yeast .  Cel l  c o l l e c t e d . i n  log phase were con-  
verted into  s p h e r o p l a s t s  wi th s n a i l  enzyme (6500 u n i t s / m l ,  at  
a c e l l  d e n s i t y  o f  2x10^ c e l l s / m l  in 1.2 M s o r b i t o l ,  0 . 05  M c i t ­
rat e  phosphate buf f er  pH 5 . 8 )  in about 1 hour.  Af t er  c e n t r i f u g a ­
t i o n  and washing wi th 1 . 2  M s o r b i t o l ,  s p h e r o p l a s t s  were c o n c e n t ­
rated at  10  ^ c e l l s / m l  in 1 . 2  M s o r b i t o l ,  10 mM T r i s ,  10 mM CaC^  
pH 7 . 5 .  Plasmid DNA was mixed with 0 . 2  ml o f  the s p h e r o p l a s t  
suspens i on  to a f i n a l  c o n c e nt r a t i o n  of  5 to 15 yg/ ml .  2 ml of  
p o l y e t h y l e n e  g l y c o l  4000 (30 % in 10 mM T r i s ,  10 mM CaCl«,  pH 
7 . 5 )  were added and a f t e r  15 min. the s p h e r o p l a s t s  were c e n t r i ­
fuged and al lowed to i ncubate  in complete medium ( 1 . 2  M s o r b i t ­
o l ,  4 g/1 y e a s t  e x t r a c t ,  6 g/1 g l u c o s e ,  6 g/1 peptone ,  10 mM 
CaC12 » 10 mM Tri s  pH 7 . 6 )  for  1 hour at  28°C. Af t er  c e n t r i f u g a ­
t i o n ,  c e l l s  were resuspended in 0 . 2  ml of  the preceding medium 
and mixed with 10 ml of  r e g enera t i o n  agar ( 1 . 2  M s o r b i t o l ,  20 
g/1 g l u c o s e ,  0 . 8  g/1 t r y p t o n e ,  0 . 3  g/1 y e a s t  e x t r a c t ,  6 . 7  g/1 
y e a s t  ni t rogen bas e ,  30 g/1 Di f co  p u r i f i e d  agar)  at  44°C and 
poured on p l a t e s  of  the same medium (with only  20 g/1 agar ) .
Regenerat ion was e s t i mated  by the r a t i o  of  the number o f  c o l o ­
n i es  growing on the same medium supplemented wi th ur a c i l  to the  
number o f  s p h e r o p l a s t s  counted in the c e l l  s u s p e n s i o n s .
Agarose gel  e l e c t r o p h o r e s i s ,  h y b r i d i z a t i o n  o f  DNA were c a r r i e d  
out according to c l a s s i c a l  methods [ITi 10 ).
Orot i d i ne  5 ’ monophosphate decar boxy l as e  a s s a y . The crude ex-  
t r a c t  of  c e l l s  grown on minimal medium were obta i ned e s s e n t i a l ­
l y  f o l l o w i n g  Lacroute (11)  and enzyme assay was conduced as in 
Beckewi th e t  a l . ( 12 ).
RESULTS
FOURNIER ET AL.
1. Plasmids Used for  t r a n s f o r m a t i o n . We have used three  types  
of  p l as mi ds ,  the s t r u c t u r e  of  which i s  g i ven in Figure T. G10-53  
i s  i d e n t i c a l  to G9, exc ept  the b a c t e r i a l  part  which i s  pBR 322
i nstead of  pCRl.
2.  E f f i c i e n c y  o f  t r a n s f o r m a t i o n . The re g e n e r a t i o n  of  sphero-  
p l a s t s  i s  ve ry c r i t i c a l  for  the t rans format i on  p r o c e s s .  There­
f o r e ,  we did not try to get true p r o t o p l a s t s  but rat her  s phe ro­
p l a s t s  ( i . e .  osmot i c  s e n s i t i v e  c e l l s ) .  We a l s o  avoided the use 
of  t h i o l  compounds.  The DNA t r e a t e d  s p h e r o p l a s t s  were submit ted  
to an "express i on  phase" in an osmot i c  r i ch medium; we observed  
t ha t  t h i s  s t ep  had a p o s i t i v e  e f f e c t  on r e g e n e r a t i o n .  Regenera­
t i o n  i t s e l f  -took p l ace  in s o l i d  medium wi th 3 % p u r i f i e d  agar 
(which s o l i d i f i e s  only at  42°C).  Some y e a s t  e x t r a c t  was a l s o  
added at  a c o n c e n t r a t i o n  (300 mg/1 ) s u f f i c i e n t  for  y e a s t  c e l l s  
to undergo the f i r s t  d i v i s i o n s  needed for the e x p r e s s i o n  of  the  
ura+ phenotype.  On the contro l  p l a t e s  no c o l o n i e s  appeared under 
our experimental  c o n d i t i o n s .
With a r e g enera t i o n  ra t e  of  3 to 25 %, the t rans f ormat i on  f r e ­
quency (per v i a b l e  c e l l )  var i ed between 2x 10"  ^ and 2x 10"^.
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Figure 1 St r u c t ur e  o f  ch i mer i c  plasmids
Kanamycin r e s i s t a n c e  gene;  asm
Inverted repeated s equences ;  i
Tetracycl ine r e s i s t a n c e  gene;  r=^
Eco RI s i t e ;  ►
In G9 and G18 the b a c t e r i a l  part  (• 
in G1 0 - 5 3 ,  i t  i s  pBR 322.
■ URA3 gene;
□ 2 ym;
□ Ampi c i l l i n  res i s -
tance gene;
Hind III  s i t e  
— ) i s  pCRl ;
3.  Presence  o f  the G9 plasmid DNA in y e a s t  t r a n s f o r m a n t s .
(a)  H y b r i d i z a t i o n ^ t e s t s  were car r i e d  out  wi th t o t a l  DNA o f  t r a n s ­
formants (hydrol yzed with Ecq„RI) us ing 32p l a b e l l e d  G9 DNA as a 
probe (Fi gure  2,  part  I) o f  i<LV pBR 322 ura 3 (Fi gure  2,  part  I I )
The 2 . 2 ,  2 . 4 ,  3 . 8 ,  and 4 . 0  Kb bands correspond to the 2 ym DNA 
( f o r  re v i e w,  s ee  r e f .  1 3 ) ,  the 13.5 and 5.1 Kb bands to the G9 
v e c t o r ;  the 12,0 Kb band to the  Eco RI fragment o f  the chromo­
some which bears the URA3 gene ,  and the 3 . 5  Kb band can be e x ­
p l a i ned  by recombi nat ion e v e n t s .  As can be s e e n ,  the t r a n s f o r ­
mants had the bands corresponding to G9 and the 12 . 0  Kb band i s  
unchanged in t rans formants  compared to the r e c i p i e n t  s t r a i n .
Thus,  i t  does not seem t h a t  an i n t e g r a t i o n  of  the URA3 qene took 
pl ac e .
(b)  Re c o v e r y _ o f _ p l a s mi ds . Ci r c u l a r  DNAs were e x t r a c t e d  from 
y e a s t  t r i n l  f  3 rma n t s  ~ a nd~ us ed to transform E.col-L pyr F. The bac­
t e r i a l  t rans formants  had the ura+ , kan'' phenotype.  This r e s u l t  
shows t hat  the URA3 gene i s  at  l e a s t  in part  car r i ed  by an a ut o ­
nomous r e p l i c o n  in y e a s t .
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Fig.  2. Autoradiogram showing h y b r i d i z a -  
t i o n  of  1a b e l 1ed DNA wi th Eco
RI d i g e s t  of  vari ous  s t r a i n s .
( i n  part  I ,  A corresponds  to the r e c i p i e n t  
strain,  B to £9 DNA, C,D,  E,F,  to t r a n s f o r ­
mants;  in part  I I ,  A corresponds  to G9 DNA, 
B to the r e c i p i e n t  s t r a i n ,  C to a t r a n s f o r ­
mant)
4.  Genet i c  a n a l y s i s . Transformants  are uns t a b l e  and g i ve  r i s e  
a f t e r  c u l t u r e  on minimal medium to about 40 % o f  ura" c l o n e s .  
On supplemented medium t h i s  i n s t a b i l i t y  i s  somewhat enhanced 
(80 % u r a ' ) .  S u c c e s s i v e  t r a n s f e r s  on minimal medium did not  
r e s u l t  in an i nc r e a s e  of  s t a b i l i t y .  I f  e thidium bromide i s  ad­
ded to the minimal medium (a t  a f i n a l  c o n c e nt r a t i o n  o f  0 . 5 ,  5 
or 50 pg/ml)  the growth of  the t rans formants  i s  i d e n t i c a l  to 
t ha t  o f  the wi ld type on the same medium. This s u g g e s t  that  
ethidium bromide does not  i n t e r f e t e  wi th the e x p r e s s i o n  of  the  
URA3 gene or wi th the r e p l i c a t i o n  of  the plasmid.
The d i p l o i d s  obta i ned by c r o s s i n g  the t rans formants  wi th a 
ura3 s t r a i n  are auxotrophs or protot rophs  and in t h i s  l a t t e r  
case  are a l s o  u n s t a b l e .  F i n a l l y ,  the s e g r e g a t i o n  pat t ern  o f  
the ura+c h a ra c t er  i s  in me i o s i s  non- mende l i an; t here  i s  an
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ie x c es s  of  the 0:4 and 4:0 t e t r a d  types ,  and the average t r a n s mi s ­
s i on  o f  the ura+ ch a r a c t e r  i s  between 20 % and 42 %. These r e ­
s u l t s  show t h a t  URA 3 i s  maintained as a c y t o p l a s m i c a l l y  i n ­
h e r i t e d  e l ement .
5. OMP d e c a r b o x y l a s e . The s p e c i f i c  a c t i v i t y  o f  t h i s  enzyme in 
y e a s t  c e l l s  transformed with G9 (or G18) i s  3 0 f o l d  (or 15f o 1d , 
r e s p e c t i v e l y )  the a c t i v i t y  measured in the wi ld t ype .  The URA3 
gene c a r r i e d  on the hybrid plasmids  i s  thus very wel l  expres s ed  
in y e a s t .
TRANSFORMATION OF YEAST WITH HYBRID PLASMIDS
DISCUSSION
The v e c t o r s  pres ent ed  here are maintained and r e p l i c a t e d  in 
y e a s t  and in E. c o l l .  Two o f  them (G9 and G10-53) are composed 
of  two p a r t s ,  b a c t e r i a l  and "yeas t" .  The l a t t e r  i s  the 2 y-URA3 
s equence ,  which can e a s i l y  be removed from the b a c t e r i a l  part  
and l i g a t e d  to any ch i mer i c  plasmid in which Eco RI s i t e s  are  
a v a i l a b l e .  Thus,  t h i s  i s  a v a l ua b l e  t oo l  to s tudy the e x p r e s s i o n  
of  c l oned genes in y e a s t .  Struhl  e t  a l .  (14)  have now publ i shed  
r e s u l t s  a l s o  showing t h a t  the 2 ym plasmid e f f i c i e n t l y  i nc r e a s e s  
the  t r a ns f o r ma t i o n  frequency in y e a s t .  However,  they observed an 
uns t a b l e  i n t e g r a t i o n  of  the y e a s t  gene i n t r o d uc e d ,  which i s  not  
the case  in the URA3 system.
SUMMARY
Chimeric plasmids  have been c o n s t r u c t e d ,  beari ng the b a c t e r i a l  
plasmids  pCRl or pBR 322,  part  or a l l  o f  the 2 ym y e a s t  plasmid  
and the URA3 y e a s t  gene.  These plasmids  t ransform S.  c c f i z v l i l a c  
with high f requency .  No ev i dence  o f  i n t e g r a t i o n  i n t o  the chro­
mosome has been found.  Hybr i d i za t i on  t e s t s ,  g e n e t i c  s t u d i e s  and 
the recovery  of  plasmid from y e a s t  t ransformants  s u g g e s t  a cy ­
t op l as mi c  i n h e r i t a n c e  of  the v e c t o r .  The c l oned URA3 gene i s  
very wel l  expres sed  in y e a s t .  Recombinat ion event s  take p l ace  
between the 2 ym DNA and the v e c t o r .
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IINCORPORATION OF ALGAL THYLAKÓID MEMBRANE 
AND DNA IN YEAST PROTOPLASTS
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SUMMARY
Protoplasts released from Saccharomyces cerevisiae were strong­
ly aggregated with photosynthetic organelles isolated from a 
blue-green alga, Anabaena cylindrica, or from a green alga, 
Chlorella ellipsoidea, by polyethylene glycol-calcium chloride. 
These organelles were incorporated into the vaCuole of the pro­
toplast as thylakoid fragments or disintegrated materials through 
a "protostoma" formed at the bottom of the protoplast invagina­
tion. No intact algal photosynthetic organelle was found in the 
yeast protoplast. Further, as a result of algal -DNA uptake, a 
possibility of increasing reversion in yeast protoplast ( Ade ) 
was supposed.
INTRODUCTION
In a previous report (1), we suggested that intraspecific fusion 
of yeast-protoplasts is accomplished through a break in the 
junction of plasma membranes. The incorporation of an intact al­
gal chloroplast into the protoplast of a higher plant has been 
found by H.T.Bonnett and M.S. Banks (2). In yeast, transfer of 
mitochondria by protoplast fusion has been genetically proved 
by L.Ferenczy and A.Maráz (3), and also transformation in proto­
plasts by using polyethylene glycol has been reported by A.Hin­
nen, J.B.Hicks and G.R.Fink (4). The process of uptake of algal 
photosynthetic organelles, blue-green algal thylakoids or green 
algal chloroplasts, and of algal DNA into yeast protoplasts,and 
reversion of the yeast protoplast occurring during the process 
are reported in this paper.
MATERIALS AND METHODS
Preparation of yeast protoplasts; Protoplasts were released 
from exponentially growing cells of Saccharomyces cerevisiae 
(HUT 7135 and a mutant, Ade-, induced from IFO 1136) by 1 % 
Zymdlyase-5000/0.6 M KC1/50 mM Tris-HCl, pH 7.2 (5).
Preparation of thylakoids: Cells of Anabaena cylindrica (IAM 
M-l) during growth in modified Detmer's medium were ruptured by 
osmotic shock (2 to 0.6 M sorbitol). Thylakoids were isolated 
by centrifugation, and then stored in 0.9 M sorbitol/50 mM 
Tris-maleate, pH 6.0.
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Preparation of chloroplasts: Exponentially growing cells of 
Chlorella ellipsoidea(IAM C-102) in modified Bristol's medium 
were suspended in 1M sorbitol/2% Ficoll-400/60mM phosphate, pH 
7.2, and agitated with glass beads(0.5mm diameter). Chloro­
plasts were fractionated by centrifugation at 205000xg for 1 hr 
in a sorbitol gradient(1 to 4 M) dissolved in 2% Ficoll-400/60 
mM phosphate, pH 7.2 (2).
Aggregation of yeast protoplasts and isol,atéQ organelles: A 
mixture of the protoplasts and the thylakoids(1:1) was incuba­
ted in 0.9M sorbitol/lOmM CaCl2/20%(w/v) polyethylene glycol 
MW 7500(PEG)/50mM tris-maleate, pH 6.0, at 20°C for 20 min (1, 
6, 7, 8). For chloroplast-protoplast aggregation(30:1), IM KC1 
/20% PEG/2% Ficoll-400/60mM phosphate, pH 6.0, was used. For 
morphological examination, incubation was 1 to 4 hr.
Isolation of algal DNA: DNA was isolated from each of the 
cultures of A. cylindrica and C. ellipsoidea by Marmur's method 
after the disruption of cells (as before) in 0.15M NaCl/0.1M 
EDTA (9).
Uptake of DNA: Mixtures of 1 ml 20% PEG/0.6M KCl/10mM CaCl2/ 
50mM tris-maleate, pH 6.0 (1), and 0.1 ml of 150mM NaCl/15mM 
Na-citrate containing each DNA corresponding to about 0.5 g(wet 
weight) of cells were added to each of the sediments of yeast 
protoplasts(about 2x108), and subsequently incubated at 20°C 
for 20 min after agitation.
Regeneration of protoplasts: Aggregates were spread on regene­
ration agar plates containing 2% malt extract/0.2% yeast extra- 
ct/2% sucrose, or Burkholder's medium, and then covered with 
10 ml of 0.6M KCl/20% gelatin (10) .
Specimen preparation for electron microscope examination: 
Aggregates were fixed with about 3% glutaraldehyde by adding 
25%(in water) reagent to each aggregation media. After the 
glutaraldehyde fixation at 20°C for about 6 hr, the aggregates 
were post-fixed with 0S04, dehydrated, embedded, sectioned and 
stained according to the method as described in the previous 
report (1).
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Fig. 1. Aggregate of Saccharomyces cerevisiae protoplasts and 
Anabaena cylindrica thylakoids. A protoplast has an invagina- 
tion(Ip) curved along the surface of the thylakoid(T). The 
other invagination(I2) is formed by more than 4 protoplasts.
Fig. 2. Saccharomyces cerevisiae protoplast incorporating a 
thylakoid of Anabaena cylindrica. The thylakoid(T) membrane 
with an increased density by disintegration near the invagina­
tion (I) is incorporated through a protostoma(PS) and stored in 
a vacuole(V) as a highly dense material.
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Table 1. Reversion of Saccharomyces cerevisiae Ade-.
Intact
cells
Proto­
plasts
DNA
AC CE
T c PEG CaCl2 Regene­
ration
Reversion 
fr. (xlO-+ - - - - - ~ - <0.0016- + - - - - ~ - + 0.27+ - - - - + + 0.22
+ + - - - - - + 2.5
+ + - - + + 3.4
+ - - - - + + + 0.42
+ - + - + + + 3.4
+ + - - + + + 10.3- + - + - - - + <0.12
- + - + - - + + 0.49
- + - - + + + + 0.25
+ - + - - + + + 1.8
Abbreviation: AC=Anabaena cylindrica, CE=Chlorella ellipsoidea, 
T=thylakoids, and C=chloroplasts.
RESULTS AND DISCUSSION
Uptake of algal photosynthetic organelles in yeast protoplasts: 
Yeast protoplasts were so strongly aggregated with thylakoids 
or chloroplasts that they could be seen as green aggregates 
of protoplasts by light microscopy. However, no intact thyla- 
koid or chloroplast was found in the yeast protoplast by elec­
tron microscopy. The yeast protoplast formed an invagination 
at the adhesion surface between the protoplast and these orga- 
nelles(Figs. 1, 2, 3). The protoplast could form several in­
vaginations, and also an invagination was made by several pro­
toplasts (Fig . 1). A "protostoma"(a mouth of protoplast) occur­
red at the bottom of the invagination(Figs. 2, 3). Membrane 
fragments transferred from these organelles near the protostoma 
(may have been digested by enzymes localizing on the protoplast 
surface) were incorporated into the protoplast, and then stored 
in the vacuole(Figs. 2, 3). On the other hand, the yeast pro­
toplast was able to engulf the intact cells of C. ellipsoidea 
protected by a rigid cell wall.
Fig. 3. Saccharomyces cerevisiae protoplast incorporating a 
chloroplast of Chlorella ellipsoidea. The chloroplast(C) 
squeezed by PEG and disintegrated is incorporated through a 
protostoma(PS) and stored in a vacuole (V) as a mass of frag­
ments.
Fig. 4. Aggregate of Saccharomyces cerevisiae protoplasts 
with DNA extract from Anabaena cylindrica. The extract(D) is 
inserted between protoplasts and caught in the invagination (I-) . 
The extract (D) is, then, incorporated into a vacuole(Vq) 
through a protostoma(PSq) . The incorporated extract (Di) is 
transferred again into the other vacuole(V2) in the adjacent 
protoplast through the other protostoma(PS2).
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Uptake of DNA into yeast protoplast: The same process of incor­
porating A. cylindrica DNA through the protostoma as described 
above was demonstrated in Fig. 4. Reversion frequencies of S. 
cerevisiae (Ade~) obtained under several conditions are shown 
in Table 1. The reversion was inducible through only protoplast 
formation, regardless of aggregation of PEG and calcium chlo­
ride. There was no reversion (less than about 10~6) in the in­
tact cell growth. Contaminant DNA in the incubation medium for 
protoplast formation presumably caused some reversion, because, 
as ^s possibility, Zymolyase-5000 used for the protoplast for­
mation might contain a trace of DNA from S. carlsbergensis, 
which was used as a substrate for the enzyme production by Arth- 
robacter luteus (by a private communication from Dr. K. Kita- 
mura, Kirin Brewery Co. Ltd.;. However, the highest frequency 
(about 1 %) of reversion was attained when the mixture of the 
yeast protoplasts and DNA of A. cylindrica yielded by spooling 
was aggregated with PEG and calcium chloride. In the uptake of 
C. ellipsoidea DNA, the reason for low frequency is still un­
known.
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FUSION OF PROTOPLASTS OF AUXOTROPHIC FUNGAL MUTANTS: DIVERSITY
IN THE GENETIC BACKGROUND OF NUTRITIONAL COMPLEMENTATION
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In exper iments  aiming at  f u s i o n  of  fungal  p r o t o p l a s t s  auxotrophi c  
parental  mutants are employed in most cases  and the r e s u l t i n g  
n u t r i t i o n a l  complementat ion i s  i n d i c a t i v e  of  p r o t o p l a s t  f u s i o n .  
Recogni t i on  or s e l e c t i o n  o f  f u s i o n  products  i s  based upon the  
p r o t o t r o p h i c  or p a r t i a l l y  complemented nature of  the r e s u l t i n g  
c o l o n i e s  and,  in a d d i t i o n ,  the f us i o n  f requency may be c a l c u l a t ­
ed by comparing the number of  c o l o n i e s  deve l op i ng  in n u t r i t i o n a l ­
l y  i ncompl et e  medium to t hat  growing in a complete  one.  Of course  
the f requency of  p r o t o p l a s t  f u s i o n  and the frequency o f  n u t r i t i o n  
al  complementat ion can never be the same s i n c e  f u s i o n  a l s o  o c ­
curs between i d e n t i c a l  ( non-comp 1ementary) p a r t ner s .
Whatever methods are used f or  p r o t o p l a s t  format ion and f us i o n
( 1 ) ,  one of  the f i n a l  tasks  i s  to c h a r a c t e r i z e  the f u s i o n  pro­
duct s  and to determine the nature of  n u t r i t i o n a l  complementat ion.
In the pas t  few years  a c o n s i de r a b l e  mass of  data has accumulated  
on v a r i a t i o n s  in the g e n e t i c  background of  n u t r i t i o n a l  complemen­
t a t i o n  as a consequence of  p r o t o p l a s t  f u s i o n .  The aim of  the p r e ­
s e n t  c o n t r i b u t i o n  i s  to review t h i s  d i v e r s i t y .
INTRASPECIFIC PROTOPLAST FUSION
Heterokaryon Formation
The f i r s t  s u c c e s s f u l  exper iments  concerning  c o n t r o l l e d  fungal  
p r o t o p l a s t  f us i o n  were c a r r i e d  out wi th auxotrophic  mutants of  
G e o t r i c h u m  c a n d id u m (2,  3 ) .  In t h e s e  mutants sexual  or para-  
sexual  p r o c e s s e s  have never been observed.  P r o t o p l a s t  f us i o n  
was induced by c e n t r i f u g a l  c o - s e d i me n t a t i o n  of  p r o t o p l a s t s  of  
auxotrophi c  mutants f o l l owed  by long i nc ub a t i o n .  Complementation 
occured with low but co ns t a nt  f r e q u e n c i e s .  S e r i a l  t r a n s f e r  of  
the complemented hyphae could be performed i n d e f i n i t e l y  on mi n i ­
mal medium. Complementat ion,  however,  was temporary.  The comple­
mented hyphae gave r i s e  to auxotrophi c  a r t h r o s p o r e s .
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S i m i l a r l y ,  heterokaryon format ion i s  the only known g e n e t i c  pro­
ces s  r e s u l t i n g  in complementat ion in V h y c o m y c a  b l a k a l c c a n a i  
auxotrophi c  s t r a i n s  ( 4 ) .  The f u s i o n  frequency was a l s o  low,  with 
the b e s t  r e s u l t s  obta i ned in the pres ence  of  Ca(N03)2  at  pH 7.
In Macon, nac&moiai  the  p r o t o t r o p h i c  i s o l a t e s  t ha t  arose  wi th  
comparat i ve l y  high f requency a f t e r  p r o t o p l a s t  f us i o n  of  auxo-  
trophs gave r i s e  to s po ra ng i o s po re s  of  e i t h e r  parental  pheno­
type and to protot rophs  ( 5 ) .  Permanently complemented c e l l s  
were not observed;  a f t e r  repeated t r a n s f e r ,  p r o t o t r o p h i c  c o l ­
on i e s  cont i nued to s e g r e g a t e  spores  wi th the parental  pheno­
t ypes .
Heterokaryon wi th Occas ional  S t a b l e  Di p l o i d  Formation
A i p c n g i l l a i  ( 3 ,  6 -11 )  and P c n i c i l l i a m  s p e c i e s  ( 7 ,  8 , 10,  12) are 
the t y p i c a l  r e p r e s e n t a t i  ves of  t h i s  c l a s s .  In A i p c n g i l l a i  n i d a -  
ZcLYi,6 an i nc rea s e d  f requency of  p r o t o p l a s t  f us i o n  of  auxotrophi c  
mutants was obta i ned when natural  a g g re g a t i o n  occurred ( 6 ) ,  and 
high frequency complementat ion r e s u l t e d  by us ing p o l y e t h y l e n e  
g l y c o l  (PEG) as f u s o g e n i c  agent  ( 7 - 1 2 )  in the pres ence  of  Ca 
i o n s .  On minimal medium myc e l i a l  growth could be maintained i n ­
d e f i n i t e l y .  In g e n e r a l ,  t h e s e  c o l o n i e s  which were i r r e g u l a r  in 
appearance ,  gave r i s e  to auxotrophi c  coni di  a o f  the parenta l  
t y p e s .  O c c a s i o n a l l y ,  v i g o r o u s l y  growing,  w e l 1- o r g a ni ze d  s e c t o r s  
deve l oped.  These s e c t o r s  conta i ned l a r g e r ,  u n i n u c l e a t e ,  comple­
mented c o n i d i a  wi th double  the DNA cont e nt  of  e i t h e r  the parent  
p r o t o p l a s t s  or the h e t e r o k a r y o n s . Haploids of  the parenta l  and 
recombinant  types  could be induced from t hes e  d i p l o i d  con i d i a  
or from the d i p l o i d  myce l i a .
Heterokaryon with Frequent  S t a b l e  Di p l o i d  Formation
A c h a r a c t e r i s t i c  s p e c i e s  d i s p l a y i n g  t h i s  phenomenon i s  Candida  
t n o p i c a l i i  ( 1 3 - 1 5 ) .  From auxotrophi c  mutants he t e ro ka ry o ns ,  
heterozygous  p r o t r o t r o p h s , somat i c  s e g r e g a n t s ,  and recombinants  
could be obt a i ne d .  I n t e r e s t i n g l y ,  u n i n u c l e a t e  protot rophs  o r i g ­
i na t i ng  from diauxotrophs  s pont ane ous l y  gave r i s e  to monoauxo-  
trophs ( 1 3 ) .  This might i n d i c a t e  the e x i s t e n c e  of  aneupl o i ds .  
This idea i s  a l s o  supported by the low DNA cont e nt  of  c e r t a i n  
prototrophs  ( 1 4 ) .  I f  red a d e n i n e - r e q u i r i n g  and whi t e  c y s t e i n e -  
- r e q u i r i n g  mutants were used in the f us i on  exper i ment s ,  the 
mu 1 t i nuc1ea t e  h e t e r o k a r y o t i c  prototrophs  were co l oured a wide 
v a r i e t y  of  shades of  pink and t h e s e  r e a d i l y  gave r i s e  to auxo­
t r oph i c  c e l l s  of  the parenta l  types  even on minimal medium. The 
d i p l o i d  (and/or  a neupl o i d)  prototrophs  were w h i t e ,  rap i d l y  grow­
i n g ,  and g e n e t i c a l l y  ext remel y  s t a b l e  ( 14 ,  15) .
Heterokaryon with Frequent  Trans i e nt  Di pl o i d  Formation
In C cpka lo ipon iam  acncmoniam he terokaryons  were easy to obta i n  
with a high frequency ( 1 0 ) .  However,  h e t e r o z y g o t e s  were r a r e l y
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re cover ed .  All  h e t e r o z y g o t e s  proved very uns t a b l e  on complete  
medium. Di p1o i d i z a t i o n  was t r a n s i e n t  and was o f t e n  f o l l owed  by 
rapid chromosome s e g r e g a t i o n  and,  p o s s i b l y ,  intrachromosomal  
recombi nat i  on ( 1 6 ) ,
Uns tabl e  Di p l o i d  Formation
P r o t o p l a s t s  o f  SacchaA.omycopiI i  [Candida] l-Lpolyt -Lca,  h e t e r o ­
geni c  f o r  complementing n u t r i t i o n a l  markers but i d e n t i c a l  for  
mating type have been fused ( 1 7 ) .  The f u s i o n  gave r i s e  to s low-  
-growing d i p l o i d  c o l o n i e s  and t hes e  were analyzed for  recombi ­
n a t i o n .  Spore format ion was induced in about 3 % o f  the d i p l o i d  
f u s i o n  product s ;  a l l  examined progeny were of  (+) mating type  
as were the parenta l  s t r a i n s .  These r e s u l t s  conf i rm t hat  mating  
type a l l e l e s  of  t h i s  s p e c i e s ,  in c o n t r a s t  to many other  y e a s t s ,  
cont r o l  only the i n i t i a l  s t e p s  in the mating sequence.
S t a b l e  Di p l o i d  Formation
Using hapl o i d  auxotrophs o f  i d e n t i c a l  mating t y pe ,  s t a b l e  d i ­
p l o i d s  could be c o n s t r u c t e d  in a s e r i e s  of  y e a s t  s p e c i e s .  Hete-  
rokaryon format ion was so t r a n s i e n t  t h a t  t he s e  were not  d e t e c t ­
ed.  The d i p l o i d s  were s t a b l e ;  u s u a l l y  spores  were not produced.  
The f u s i o n  c e l l s  were u n i n u c l e a t e ,  e n l a r g e d ,  and t h e i r  DNA con­
t e n t  was about twi ce  t hat  in the parenta l  haploid c e l l s .  By i n ­
duced h a p l o i d i z a t i o n  or by c r o s s e s  wi th c e l l s  o f  the o p p o s i t e  
mating types  both hapl o i ds  wi th the parental  markers and recom­
bi nant s  could be recovered .  I f  p r o t o p l a s t s  o f ' o p p o s i t e  mating  
types  were f u s e d ,  the f u s i o n  products  showed the c h a r a c t e r i s t i c s  
of  normal c r o s s e s .  The f o l l o w i n g  organisms d i s p l a y  the above 
phenomena: Sc.h-Lzoiac.chaA.omyc.ei pombc ( 1 8 - 2 0 ) ,  S a cc h a A o m yc a  ce-  
A cv - i i la c  ( 1 9 - 2 7 ) ,  KhodoipoA.Id-Lo.rn t o A o lo -L d a  ( 28 ) ,  K lu y v c A o m y c a  
l a c t i i  ( 2 9 - 3 1 ) ,  H a m c n u l a  ui-Lngc-L (20) ,
In a d d i t i o n  to d i p l o i d s ,  c e l l s  o f  lower and higher  p l o i dy  and 
d i f f e r e n t  types  o f  aneupl o i ds  were a l s o  o c c a s i o n a l l y  observed  
as a r e s u l t  of  the f us i o n  o f  haploid p r o t o p l a s t s  ( 3 2 - 3 6 ) .  Even 
m u l t i p l e  f u s i o n  l e a d i ng  to t r i p l o i d s  and t e t r a p l o i d s  may be 
encountered.  Tr i p l o i d  f us i o n  products  have been formed by pro­
t o p l a s t  f u s i o n  of  two d i f f e r e n t  s t r a i n s  as wel l  as three  d i f ­
f e r e n t  s t r a i n s  ( 2 7 ) .
INTERSPECIFIC PROTOPLAST FUSION
Heterokaryon and Di p l o i d  Formation
Ai p c A g i l l u i  n i d u l a m  and A. A.uguloiui  are c l o s e l y  r e l a t e d  s p e ­
c i e s .  Their f us i o n  products  showed s e v e r a l  of  the c h a r a c t e r i s ­
t i c s  o f  products  obta i ned by i nt r a s p e c i f i c  p r o t o p l a s t  f u s i o n  in
A. n -L d u la m . However,  d i f f e r e n c e s  were a l s o  observed.  The s l o w­
ly growing h e t e r o k a r y o t i c  c o l o n i e s  gave r i s e  to v i g o r o u s l y  de­
v e l op i ng  d i p l o i d  s e c t o r s  whi ch , ho wev e r , s u f f e r e d  from s l i g h t l y
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di s t urbed  r e g u l a t o r y  p r o c e s s e s .  This was i nd i c a t e d  by the r e ­
duced amount o f  c o n i d i a  wi th abnormal s t r u c t u r e  o f  the c o n i d i a l  
apparat us ,  the pres ence  of  a n u c l e a t e  smal l  c o n i d i a  among the  
b i g g e r  d i p l o i d  ones and by the s e c r e t i o n  o f  a brown pigment  (37).  
Conidia of  the d i p l o i d  c o l o n i e s  were heterogenous  f or  the auxo­
t r o ph i c  markers.  Analyses  of  induced s e g r e g a n t s  r e vea l ed  a high 
degree o f  chromosomal homology between the two partners  ( 3 8 ) .
The f u s i o n  of  p r o t o p l a s t s  o f  the c l o s e l y  r e l a t e d  Pen-iclll-cum 
c k a y i  ogenum and P. cya.ne.o-iu.lvum auxotrophs y i e l d e d  rat her  s i mi l a r  
r e s u l t s  ( 3 9 ) ,  and e s s e n t i a l l y  the same c o n c l u s i o n s  can be drawn 
as t hos e  above.  On the b a s i s  of  t h e s e  and more re cent  s i m i l a r  
f i n d i n g s  i t  seems worthwhi l e  to re-eval  uate the taxonomic bound­
a r i e s  and i n t e r r e l a t i o n s h i p s  of  s e v e r a l  fungal  s p e c i e s  and groups.
Heterokaryon and Heteropl o i d  Formation
I f  p r o t o p l a s t s  to be fused are der i ved  from more d i s t a n t l y  r e ­
l a t e d  s p e c i e s ,  the g e n e t i c a l  background of  n u t r i t i o n a l  comple­
mentat ion w i l l  be more complex.  Heterokaryon format ion i s  the  
f i r s t  e v e n t ,  and the h e t e r o k a r y o t i c  s t a t e  can be s t a b l e .  Syn- 
k a r y o s i s  i s  a l s o  p o s s i b l e ,  l e a d i ng  to compl i cated g e n e t i c  s i t u a ­
t i o n s  not e x i s t i n g  in nature .  One can f u l l y  agree wi th Dales  
and Crof t  (40)  t h a t ,  i ns t e a d  of  the i n t r i n s i c a l l y  homos pec i f i c  
terms "di plo i d" or "aneupl o id" ,  "het eropl o i d"  and "pa r t i a l  h e t e ­
ropl oi d" should p r e f e r a b l y  be used in t hes e  h e t e r o s p e c i f i c  c a s e s .
Such a s i t u a t i o n  has been observed in the case  of  the somat i c  
hybrids  o f  Pen- ic l l l- ium aoque ioat -L i  and P. clnayA ogenum ( 4 1 ) .
Af t er  p r o t o p l a s t  f u s i o n  o f  auxotrophi c  mutants s l o wl y  growing 
p r o t o t r o p h i c  c o l o n i e s  developed which could be c l a s s i f i e d  i n t o  
three  t y p e s .  Type 1 c o l o n i e s  were mo r ph o l o g i c a l l y  normal ,  grew 
f a s t e r  on n u t r i t i o n a l l y  r i ch media than on minimal medium and 
produced s e l e c t i v e l y  auxotrophic  P. x o q u & i o a t i i  c o n i d i a  on 
r i ch  media.  Type 2 c o l o n i e s  were mo r ph o l o g i c a l l y  aberrant  in 
c o n s i s t i n g  of  a l o o s e l y  meshed network of  broadly spreadi ng  
hyphae.  They a l s o  produced s e l e c t i v e l y  auxotrophi c  P. noqueio f i -  
t* . i  c o n i d i a  on r i ch media.  In c o n t r a s t  to t h e s e ,  type 3 c o l ­
on i e s  s po ru l a t ed  on minimal medium, r e l e a s e d  l a r g e  p r o t o t r o p h i c  
c o n i d i a ,  and were s i m i l a r  to P. chayiogenum  in morphology.  All  
types  produced p e n i c i l l i n s  of  the same chemical  compos i t i on as 
thos e  of  P. chay iogenum.  Type 1 and 2 c o l o n i e s  were he t e ro -  
k a r y o t i c ,  whereas type 3 might have been e i t h e r  f u l l  h e t e r o ­
p l o i d  or p a r t i a l  h e t e r o p l o i d .
I n t e r s p e c i f i c  hybrids  o f  auxotrophic  mutants of  P . c l tK i n u m  and 
P. c y a n e o - i u l v u m  (42)  produced s l o wl y  growing c o l o n i e s  on minimal  
medium and c o n i d i a  o f  both s p e c i e s  were r e l e a s e d .  More v i g o r o u s ­
ly deve l op i ng  s e c t o r s  appeared in t h e s e  c o l o n i e s  wi th w h i t e ,  
l a rg e  and s t a b l e  p r o t o t r o p h i c  c o n i d i a  which were assumed to con­
t a i n  the complete  s e t  of  chromosomes of  both the complementing  
s p e c i e s .  Markers o f  both s p e c i e s  in almost  equal  numbers were 
found on induced s e g r e g a t i o n .  Among the s e g r e g a n t s  p a r t i a l  he-  
t e r o p l o i d s c o u 1d a l s o  be d e t e c t e d .
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No d e t a i l s  are known about the g e n e t i c  background o f  i n t e r s p e ­
c i f i c  complementat ion a f t e r  p r o t o p l a s t  f us i on  o f  auxotrophic  
s t r a i n s  o f  Candida tA .op lc .a l i i  and S a cc ka A o m y co p i i i  ^ ibu l igcA .a  
( 4 3 ) .  Ce l l s  o f  the pr o t o t r o p h i c  f us i o n  products  proved u n i ­
n uc l e a t e  and e x h i b i t e d  a s s i m i l a t i o n  s pec t ra  resembl ing those  of  
Candida  or S a cch a A o m yco p i i i  or both.  The hybrids  were,  perhaps ,  
p a r t i a l  h e t e r o p l o i d s  .
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P a r t i a l  Heteropl o i d  Formation ( B i d i r e c t i o n a l )
I f  p r o t o p l a s t s  of  auxotrophic  c e l l s  o f  the d i s t a n t l y  r e l a t e d  
s p e c i e s  of  k i p e n g i l l u i  n i d u l a m  and A. f iumigatui  were f us ed ,  
s l o wl y  growing abnormal c o l o n i e s  were produced wi th a charac­
t e r i s t i c a l l y  low frequency (44 ,  45) ;  the i n t e r s p e c i f i c  f us i o n  
f requency was at  l e a s t  5 orders  of  magnitude l e s s  than t hat  of  
the i n t r a s p e c i f i c  one in e i t h e r  s p e c i e s .  The h e t e r o k a r y o t i c  or 
f u l l  h e t e r o p l o i d  s t a t e s  were so t r a n s i t o r y  t hat  heterokaryons  
or f u l l  h e t e r o p l o i d s  ( " i n t e r s p e c i f i c  d i p l o i d s " )  could not be 
i s o l a t e d .  Presumably,  both the h e t e r o k a r y o t i c  and the d i p l o i d  
s t a t e s  are l e t h a l .  The h e t e r o p l o i d  s t a t e  may e x i s t  only in a 
p a r t i a l  form where the complemented c e l l s  harbour the complete  
genome of  one of  the partners  and only one or a few chromosomes 
from the o t her .  On minimal medium the complemented c o l o n i e s  
could be maintained i n d e f i n i t e l y  by t r a n s f e r r i n g  e i t h e r  myce- 
1ia or c o n i d i a .  On n u t r i t i o n a l l y  ri ch medium the complemented 
c e l l s  rap i d l y  s egregat ed  one of  the p a r t ner s .  The s eg r e g a t i o n  
was b i d i r e c t i o n a l ,  s i n c e  e i t h e r  the parental  A. ru.du.lam or A. 
á u m i g a t u i , but never both,  could be recovered .
Par t i a l  Heteropl o i d  Formation ( U n i d i r e c t i o n a l )
P r o t o p l a s t s  o f  s t a b l e  monoauxotrophi  c s t r a i n s  of  Kluyve.A.omycci 
l a c t i i  and K. ([ n a g i l i i  were  s u c c e s s f u l l y  fused ( 4 6 ) .  The f u ­
s i on  c o l o n i e s  were abTe to maintain t h e i r  prototrophy even in 
complete medium. In g e n e r a l ,  the f us i o n  c e l l s  were l a r g e r  and 
contai ned more DNA than those  of  e i t h e r  of  the parent  s p e c i e s .  
On the other  hand,  in most cas e s  the DNA cont e nt  was lower than 
the combined DNA cont e nt  o f  the two parent  implying that  sub­
s equent l y  to f us i o n  l o s s  of  chromosomes had occurred.  At the  
same t i me ,  a s e l e c t i v e  r e t e n t i o n  o f  K. ^ A a g i l i i  and l o s s  of
K. l a c t i i  mi tochondri a l  DNAs was observed.
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CONCLUDING REMARKS
The r i ch  d i v e r s i t y  in the g e n e t i c  background o f  n u t r i t i o n a l  com­
p l ement a t i on  a f t e r  i n t r a s p e c i f i c  and i n t e r s p e c i f i c  fungal  p r o t o ­
p l a s t  f u s i o n  i s  remarkable .  In f a c t ,  t h i s  g e n e t i c  spectrum i s  
co n s i d e r a b l y  wider than t h a t  found in natural  sexual  or para-  
sexual  p r o c e s s e s .  Re su l t s  of  r e c e n t  exper iments  wi th d i f f e r e n t  
Candtda,  S c k t z o A a c c h a n o m y c z A , Ai p zA .g d . l lu i ,  Pzn tc t -L l tum  and T n t -  
chodznma.  s p e c i e s  show t h a t  y e t  f u r t h e r  v a r i a t i o n s  of  n u t r i t i o n ­
al complementat ion may be de s c r i b e d  ( i n  p r e p a r a t i o n ) .  New v a r i a ­
t i o n s  are a l s o  expec ted  wi th other  s p e c i e s  ( 4 7 ) .  These new pos ­
s i b i l i t i e s  t o g e t h e r  wi th the f a c t  t ha t  in many cas e s  p r o t o p l a s t  
f u s i o n  i s  the only known procedure f o r  combining d i f f e r e n t  ge ­
nomes,  c l e a r l y  demonstrate  the “importance o f  induced p r o t o p l a s t  
f u s i o n  in both b a s i c  and appl i ed  f i e l d s  o f  fungal  r e s ea rc h .
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PROTOPLAST FUSION - A NEW APPROACH TO INTER­
SPECIES GENETIC MANIPULATION AND BREEDING IN FUNGI
The parasexual cycle in filamentous fungi provides a 
mechanism for genetic modification in some of the many 
species that lack sexual reproduction. As a rare event, a 
somatic heterozygous diploid nucleus can arise-through the 
spontaneous fusion of two genetically different nuclei in the 
mycelium of a heterokaryon. During subsequent divisions 
chromosomes of the diploid nuclei may undergo mitotic 
recombination and re-assortment ultimately giving rise to new 
haploid nuclei, by loss of chromosomes, which carry new gene 
combinations arising from the interaction of the two 
genomes (l). The developments in recent years involving 
the isolation, culture and fusion of fungal protoplasts have 
added a new dimension to these parasexual phenomena (2). 
Firstly the method allows the relatively easy synthesis of 
heterokaryons and this has proved important and valuable in 
fungi where the formation of heterokaryons by hyphal 
anastomoses is difficult (3), and secondly through inter­
species fusions the interaction of genomes from two 
different species has opened up a whole new area of fungal 
genetics and molecular biology. Many of the developments 
in this area of protoplast research stem from two reports at 
the previous Symposium in this series held in 1975 (^,5) and 
the aim of this contribution is to review this work in a 
comparative manner with the inclusion of some unpublished 
observations, as well as an assessment of protoplast fusion 
as a tool in fungal breeding.
Abbreviations for genetic markers
ad(adenine), arg(arginine). UL(biotin), cho(choline).
hi s (histidine ) . lac(lactose), lys(lysine).me t (methionine),
n i e (nicotinic acid), phen(phenylalanine). pro(proline).
3 (pyrodoxine ) , ribo ( riboflavin). w(white spores)acriflavine resistance), b e n (benlate resistance), canesten resistance).
63
PEBERDY
PROTOPLAST FUSION AND THE SELECTION OF FUSION PRODUCTS
The induced fusion of fungal protoplasts using polyethylene 
glycols (PEG) as fusogens is currently the universally 
accepted procedure in all laboratories engaged in this work. 
Despite its toxicity (6) PEG is a more efficient fusogen in 
comparison to others that have been used (7»8). Slight 
variations in the fusion protocol have been adopted in 
different laboratories and details of some of these have 
been collected together in a recently published practical 
handbook (9).
The selection of fusion products is based upon nutritional 
complementation that occurs in heterokaryotic protoplasts 
derived from two suitably selected auxotrophic strains. 
Selection of the reverting protoplasts on a minimal medium 
is therefore strong. Ideally auxotrophic strains with 
several requirements should be used as the parental strains 
although controls for back mutation are easily set up.
This strong selection using a minimal medium has not proved 
effective in every case. Several of the crosses prepared 
between strains of Cephalosporium acremonium failed to give 
colonies when the fusion mixture was plated on minimal 
medium, but plating on a variety of selective media gave a 
range of recombinant progeny (3)-
The degree of fusion between any two strains is expressed as 
the fusion frequency or complementation frequency and is 
derived as the ratio :
colonies developing on minimal medium
colonies developing on complete medium
The values obtained for fusion frequencies in different 
crosses are very variable and the differences arise from the 
fact that aggregates of protoplasts that remain after PEG 
treatment are probably very irregular in size.
The heterokaryotic colonies that develop following 
protoplast fusion are generally very weakly growing and 
irregular in form (10. Figure 1.). Evidence for the 
heterokaryotic nature is generally based on the segregation 
of the two parental strains that occurs when they are grown 
on complete medium.
Methods of selection of fused protoplasts first used with 
animal cells, plant protoplasts and bacterial protoplasts 
have been attempted with a variety of fungi (Hamlyn, Smith 
and Peberdy, unpublished data). In the first of these 
inhibitors are used that cause irreversible blocks in key 
metabolic pathways (11) which are compensated in the fusion 
product allowing its development. The concentrations and 
exposure times used in the animal (11) and the plant 
protoplast(12) experiments have proved inadequate with fungi. 
This method is clearly very time-saving because it obviates
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Fig. 1. Interspecific heterokaryon obtained by fusion 
of protoplasts of Aspergillus nidulans and 
A. rugulosus growing on (a) minimal medium 
a n d ( b ) on complete medium. The segregation 
of the two parental types is seen on complete 
medium. (From Kevei and Peberdy, 10).
the need to produce mutant strains. Another interesting 
approach has been devised by Fodor, Demiri and Alföldi (13) 
for the fusion of Bacillus megaterium protoplasts. In this 
technique protoplasts of one strain are heat treated prior to 
fusion and those of the other strain function as recipients 
for markers from the non-viable protoplasts. The procedure 
provides a means of counterselection when few markers are 
available and when a prototrophic parent is used. 
Unfortunately the method could not be applied effectively to 
fungi because of problems of survival of spores and hyphal 
fragments in the protoplast suspension of the heat treated 
strain (Hamlyn, unpublished data). Selection methods in 
which prototrophic strains can be used are of considerable 
interest particularly in the application of fusion 
techniques to commercial strains where there is a reluctance 
to introduce selective markers by mutagenic procedures.
DEVELOPMENT AND NATURE OF INTERSPECIFIC HYBRIDS
The interest in fusion of protoplasts from taxonomically 
distinct species stems from the development of relatively 
stable forms from the heterokaryon. In both Aspergillus(10) 
and Penicillium ( 1 4 , 1 5 ) crosses, hybrids arose as vigorously 
growing sectors or as complete colonies from heterokaryons 
following subculture from the protoplast culture plates to 
non-stabilised minimal medium. An important property of 
these hybrids is their stability on complete medium; in an 
Aspergillus nidulans x rugulosus hybrid stability was
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maintained by hyphal transfers because segregation occurred 
at sporulation. In contrast the Penicillium hybrids gave 
no segregation at sporulation (14,15; Figure 2), Other 
features of the hybrids are the extensive secretion of a 
brown pigment as well as colony pigmentation, in the 
Aspergillus. and the total absence of colony pigments in the 
Penicillium hybrids despite the use of strains with pigmented 
spores in their production.
Fig. 2. Hybrid derived by protoplast fusion between
Penicillium chrysogenum and P. cyaneo-fulvum.
(a ) Hybrid c o l o n y ( b ) Penicillium chrysogenum 
(c) Penicillium cyaneo-fulvum. The colonies 
were grown on complete medium, (From Peberdy, 
Eyssen and Anne, 14).
The first attempts at crosses between less related species 
failed to produce stable progeny of the type just described 
Following fusion between Aspergillus nidulans and 
Aspergillus fumigatus (16 ) and between Penicillium 
chrysogenum and Penicillium roqueforti (17) colonies were 
isolated which showed properties typical of aneuploids with 
the rapid segregation of one of the parental strains when 
cultured on complete medium. Further investigations on the 
fusion products obtained from the Penicillium chrysogenum x 
Penicillium roqueforti cross produced a variety of progeny 
which could be distinguished by small, but constant, 
differences in colony morphology and by differences in 
stability when cultured on complete medium. The occurrence 
of this multiplicity of types further supports the idea of 
the progeny of this cross to be aneuploid (Peberdy and Anne, 
unpublished data), In other experiments involving the 
distally related Penicillium cyaneo-fulvum and Penicillium 
citrinum, Anné and Eyssen ( 1 5 ) succeeded in obtaining stable 
hybrid forms from the fusion products and these resembled
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the hybrids derived from Penicillium chrysogenum and 
Penicillium cyaneo-fulvum ( 1!+) . Evidence has also been 
obtained recently for hybridization between Aspergillus 
niger and Aspergillus rugulosus (El-Mesillati, unpublished 
data) . Several colony types were obtained following 
transfer of the fusion products onto minimal and complete 
media. The behaviour of some of the isolates suggested 
they were aneuploid i.e. they readily segregated the 
Aspergillus niger parent. Other colonies were more stable 
and showed evidence of some degree of genetic interaction 
with the development of non-parental segregants. To allay 
doubts of causes other than heterokaryosis as the explanation 
of colony development following protoplast fusion several 
controls additional to those described in an earlier 
publication (10) were carried out (Table 1) but in no case 
was colony development found.
TABLE 1 Controls used in an interspecific cross 
between Aspergillus niger Targ. his, acr, ben, w) 
and Aspergillus rugulosus (met, ribo, ad] can)
a) Back Mutation
High density plating of protoplasts (5 x 10 m l - 1 ) of
each strain, separately, on minimal medium.
8 1High density plating of conidia (5 x 10 ml" ) of each 
strain, separately, on minimal medium.
Plating macerated mycelium of each strain, separately, 
on minimal medium.
b) Influence of nutrient supplementation
PEG treated protoplasts of Aspergillus rugulosus plated
at high density (5 x 10^ ml ^) on MM supplemented with 
histidine and arginine.
PEG treated protoplasts of Aspergillus niger plated at
high density (5 x 10^ ml ^) on MM supplemented with 
methionine, riboflavin and adenine.
c) Cross-feeding
Mixture of protoplasts from both strains (2.5 x 10^ ml" 
of each), with PEG treatment, plated on MM
6 1Reciprocal mixtures of protoplasts (5 x 10 ml ) and 
macerated hyphae from both strains plated on MM
Reciprocal mixtures of spores (5 x 10 ml ) and 
macerated hyphae from both strains plated on MM
The vigorously growing sectors that arise from the 
heterokaryotic fusion products are assumed to be the result 
of nuclear fusion events and in some instances subsequent 
chromosome loss by non-disjunction. The clearest evidence 
for this view is genetic with the re-assortment of markers
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from the two parents into new non-parental combinations (see 
below). Cytological evidence was obtained from the hybrid 
obtained between Aspergillus nidulans and Aspergillus 
rugulosus (10, T a b l e 2 ) which showed that the hybrid nuclei 
contained twice the level of DNA as the two parental strains
TABLE 2 DNA content per nucleus of Aspergillus 
nidulans and Aspergillus rugulosus and the hybrid 
obtained by protoplast fusion (From Kevei and 
Peberdy, 10)
Strain
No. of nuclei DNA
per content
protoplast „„6^  * per 10
protoplasts
(ug)
DNA
content 
per nucleus 
(ug)
Ratio
DNA
content
Hybrid/
Parent
Aspergillus _i • 0 1 + o oo 7 . 0 5 4 . 7 0  X 1 0 - 6 2 . 2 9
nidulans
Aspergillus 2 . 1 6 Í  0 . 3 2 1 1 . 7 5 5 . ^ 3  x  1 0 " 6
00o\
rugulosus
Hybrid 2 . 7 9 Í  0 . 2 7 OOcn 1 0 . 7 8  X 1 0 “ 6
Not all the heterokaryons obtained in the Aspergillus 
nidulans x Aspergillus rugulosus and the Penicillium 
chrysogenum x Penicillium cyaneo-fulvum crosses gave hybrid 
colonies. In the former case the frequency of hybrid 
development increased with prolonged culture of the 
heterokaryon under the strong selective pressure of growth 
on minimal medium. Protoplasts prepared from the 
Aspergillus heterokaryon gave both parental colony forms and 
the hybrid when cultured with the incidence of hybrid 
colonies increasing when older heterokaryons were used to 
prepare the protoplasts. The frequency of hybrid develop­
ment in the Penicillium cross was about 60 per cent (Smith, 
unpublished d a t a ).
GENETIC SEGREGATION OF INTERSPECIFIC HYBRIDS
The hybrids derived from Aspergillus nidulans and Aspergillus 
rugulosus gave segregants both spontaneously and following 
induction by growth on a haploidizing agent (10, 1 8 ) but
induction was necessary to produce segregants from the 
Penicillium hybrid (1k ). The subsequent behaviour of the 
segregants derived from these hybrids indicates heterogenei-ty 
in their ploidy and in this manner provide a comparable 
situation to that found in the haploidization of an intra­
specific diploid. Many of the segregants from inter­
specific hybrids are aneuploids giving second order 
segregants either spontaneously or following further 
induction. The segregants of greatest interest are those
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that show a re-assortment of the two sets of parental 
markers. In more recent experiments, in which strains 
carrying more markers have been used, the incidence of these 
segregants was found, not surprisingly, to be considerably 
higher (18, Table 3)«
TABLE 3 First order segregants from a hybrid obtained 
from Aspergillus nidulans (ad. phen, pyro, lys, nie) 
x Aspergillus rugulosus (pro, ribo^
Strain phenotype 
(auxotrophy)
Number of 
segregants
Parentals
pro, ribo 2
ad, phen, lys, nie, pyro 3
Non-parentals
ad, nie 1
ad, nie, lys 2
ad, nie, phen. lys 1
ad. ribo. nie. pyro, lys 2
nie 17
nie, phen k
johen 2
pro, nie 15
p r o , a d , lys 1
pro. nie, phen 6
pro, nie, lys 3
pro. ribo. phen, lys 1
pro. ad, n i e . pyro. lys 1
pr o . a d , ribo,. n i e , lys 1
pro, ad, ribo. nie. pyro, lys 1
ribo. nie. phen. lvs 1
The use of genetically mapped strains such as the master 
strains of Aspergillus nidulans (19) has provided the 
opportunity to consider whether the assortment of 
chromosomes that occurs during the haploidization of the 
inter-specific hybrids is a random or an ordered process. 
Analysis of the segregants derived from these crosses has 
shown that the former situation applies (1 8 , Table 4). The 
occurrence of mitotic recombination in inter-specific fungal 
hybrids has not yet been established.
Another property of the inter-specific hybrids and their 
segregant progeny relates to the behaviour of the parental 
spore colour markers. The occurrence of green spored 
segregants from an Aspergillus nidulans x rugulosus hybrid 
derived from two yellow spored parents and the green spored
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Isecond order isolates developing from yellow spored first 
order segregants of the Penicillium chrysogenum x cyaneo- 
fulvum hybrid are examples of the atypical behaviour and 
interaction of these genes.
TABLE k Frequency of Aspergillus nidulans linkage 
groups in segregants derived from the hybrid between 
Aspergillus nidulans FGSC ^07 and Aspergillus 
rugulosus R 1 (From K e v e i a n d  P e b e r d y , 18)
PEBERDY
Aspergillus nidulans Frequency in
linkage group segregants
I 2
III 7
IV 5
V 14
VI 5
VII 7
Parental genotypes and linkage groups
Aspergillus nidulans adE20. biAl (l); AcrAl (ll);
phenA2 (II I ) ; pyroA.4 flV) ! lysB5 (V) ; 
lacAl (VI); choAl (vil); 
riboB2 (VIIlJ
Aspergillus rugulosus pro 1 
PROTOPLAST FI’S ION AND BREEDING
A major interest in protoplast fusion in fungi relates to its 
application in breeding and strain modification in 
industrially important organisms. There are likely benefits 
in the use of the technique in both intra- and inter-specific 
crosses. At the intra-species level the fusion technique 
problems of heterokaryon development that have been 
encountered in some fungi e.g. Cephalosporium acremonium (3 ) 
when the conventional technique using hyphal anastomses is 
practised. At the inter-species level a number of develop­
ments are possible for the future. In the Penicillia 
hybridization of Penicillium chrysogenum with other 
sexually reproducing Penicillium species (Smith, unpublished 
data) could yield recombinants with both the properties of 
antibiotic production and sexual reproduction. The latter 
property could then be further exploited in a conventional 
breeding programme. Other benefits of inter-species 
breeding could be the introduction of the capability to 
utilise a broader range of growth substrates into commercial 
strains, modification of existing products and the
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possibility of novel products resulting from the interaction 
of metabolic pathways controlled by the two parental genomes.
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In  the  l a s t  f o u r  y e a r s  th e  use  o f  p o ly e t h y l e n e  g l y c o l  (PEG), to  in d u ce  
f u s i o n  b e tw een  p r o t o p l a s t s  d e r i v e d  from d i f f e r e n t ,  though  o f t e n  c l o s e l y  
r e l a t e d ,  f i l a m e n to u s  fu n g a l  s p e c i e s ,  h a s  f a c i l i t a t e d  th e  i s o l a t i o n  o f  
r e g e n e r a t e d  m y c e l i a l  m a t e r i a l  o f  g e n e t i c a l l y  h y b r i d  n a t u r e  (1 -  7 ) .  From 
i n t e r s p e c i f i c  f u s io n s  o f  c l o s e l y  r e l a t e d  s p e c i e s  (1 ,  5 ,  6 ,  7 ) ,  as w i th  
i n t r a s p e c i f i c  f u s io n s  (1 ,  2 ,  8 , 9 ,  10),  t r u e  b a la n c e d  h e t e r o k a r y o n s  have 
been  i s o l a t e d  u n d e r  n u t r i t i o n a l  s e l e c t i o n ,  from  w hich b o th  p a r e n t a l  
s t r a i n s  can b e  r e c o v e r e d .  These i n t e r s p e c i f i c  h e t e r o k a r y o n s ,  th o u g h ,  
d i s p l a y  c h a r a c t e r i s t i c s ,  such  as  d r a s t i c a l l y  re d u c e d  c o n i d i a t i o n ,  slow  
grow th  and i n c r e a s e d  s e c r e t i o n  o f  p ig m e n ts ,  w hich  i n d i c a t e  a d e l e t e r i o u s  
so m a t ic  i n t e r a c t i o n  b e tw een  th e  component h o m okaryons . S u b seq u en t  h y b r i d  
s t r a i n s  have b een  o b t a i n e d  (5 ,  6 ,  7 ) ,  w hich  a r e  p re su m ab ly  th e  r e s u l t  
o f  n u c l e a r  f u s io n  e v e n t s  o c c u r r i n g  w i t h i n  th e  h e t e r o k a r y o n s ,  and t h e s e ,  
t o o ,  have  im p a i r e d  grow th fo rm s .  From e v id e n c e ,  such  as  th e  r a t i o  o f  
DNA c o n t e n t  to  th e  number o f  n u c l e i  w i t h i n  p r o t o p l a s t  sam ples  o b t a i n e d  
from  th e  h y b r i d  (5) and upon l i m i t e d  g e n e t i c  i n f o r m a t i o n  o b t a i n e d  from 
th e  a n a l y s i s  o f  s p o n ta n e o u s  and in d u c e d  s e g r e g a n t s  from h y b r i d  s t r a i n s  
(5 ,  6 ,  7 ) ,  c e r t a i n  i n f e r e n c e s  as  to  th e  g e n e t i c a l  co m p o s i t io n  o f  th e  
h y b r i d s  have been  drawn, and i t  has  b een  s u g g e s te d  t h a t  c e r t a i n  h y b r i d  
s t r a i n s  may be  d i p l o i d  (5 ,  6, 7 ) .  I t  must be  s p e c u l a t i v e  to  a p p ly  t h i s  
i n t r i n s i c a l l y  h o m o s p e c i f i c  te rm  to  s i t u a t i o n s  i n  w hich  th e  h a p l o i d  
chromosome complements o f  b o th  p a r e n t  s t r a i n s  a r e  n o t  known, e i t h e r  from 
g e n e t i c a l  a n a l y s i s  o r  f rom  c y t o l o g i c a l  e v id e n c e .  I t  may b e ,  t h e n ,  t h a t  
b o th  p a r e n t a l  chromosome complements a r e  n o t  f u l l y  r e p r e s e n t e d  w i t h i n  
th e  h y b r i d  n u c l e i ,  o r  i f  th ey  a r e ,  th e y  may w e l l  n o t  be e q u a l  and a r e  
u n l i k e l y  to  be f u l l y  hom ologous. ' P a r t i a l  h e t e r o p l o i d s ' o r  ' p o s s i b l e  
h e t e r o p l o i d s ' may w e l l  be more s u i t a b l e  d e s c r i p t i o n s  o f  t h e s e  h y b r i d  
s i t u a t i o n s .
G e n e t i c a l l y ,  th e  most th o r o u g h ly  s t u d i e d  exam ples  to  d a t e  have been  th r e e  
h y b r i d s  i s o l a t e d  from s t r a i n s  o f  A s p e r g i l l u s  r u g u l o s u s , b e a r i n g  s i n g l e  
a u x o t r o p h ic  r e q u i r e m e n t s ,  and m a s te r  s t r a i n s  o f  A. n id u l a n s  w hich  a r e  
marked on a l l  e i g h t  l i n k a g e  groups  ( 7 ) .  A n a ly s i s  o f  benomyl and c h l o r a l  
h y d r a t e  in d u c e d  p ro g en y  sam ples  from th e  h y b r i d s  h a s  r e v e a l e d  th e  
s e g r e g a t i o n  o f  m o s t ,  o r  a l l ,  o f  th e  m ark e rs  p o s s e s s e d  by th e  h a p l o i d  
p a r e n t s .  T h is  i n d i c a t e s  t h a t  b o th  th e  o r i g i n a l  m a rk e rs  and th e  
com plem enting  w i l d - t y p e  g enes  from  th e  r e s p e c t i v e  p a r e n t s  have been 
r e t a i n e d  i n  th e  h y b r i d  and t h e r e f o r e  t h a t  t h e  h y b r i d  i s  h e t e r o z y g o u s ,  a t
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1l e a s t  f o r  th e  m ark e rs  w hich  show p h e n o ty p ic  s e g r e g a t i o n .  I t  must be 
s t r e s s e d  t h a t  th e  m arkers  and th e  c o r r e s p o n d in g  w i l d - t y p e  genes may 
n o t  n e c e s s a r i l y  be  a l l e l i c  be tw een  th e  two s p e c i e s  and th e  l o c i  in v o lv e d  
a r e  even l e s s  l i k e l y  to  have th e  same l i n k a g e  r e l a t i o n s h i p s .  T h i s ,  
compounded w i th  th e  sam p lin g  p ro c e d u r e  em ployed , may go some way tow ards  
e x p l a i n i n g  th e  s u r p r i s i n g  s e g r e g a t i o n  p a t t e r n s  o b ta i n e d .
In  s i t u a t i o n s  where more d i s t a n t l y  r e l a t e d  s p e c i e s  have been  fu s e d  
(2 ,  3 , 4 ) ,  b a la n c e d  h e t e r o k a r y o n s  have n o t  been  i s o l a t e d .  However, 
n u t r i t i o n a l l y  com plem enting  h y b r i d  s t r a i n s  have been  r e c o v e r e d  d i r e c t l y  
from p l a t i n g s  o f  th e  f u s io n  m ix tu r e  on m inim al o r  s e l e c t i v e  m ed ia .  These 
h y b r i d s  a r e  a g a in  s e v e r e l y  r e s t r i c t e d  and m o r p h o lo g i c a l l y  abnorm al when 
compared to  i n t r a s p e c i f i c  f u s io n  p r o d u c t s  o f  e i t h e r  o f  th e  p a r e n t a l  
s p e c i e s .  From a n a l y s i s  o f  s e g r e g a n t s  o b ta i n e d  from th e  h y b r i d s  i t  would 
seem t h a t  th e  h y b r i d s  th e m se lv e s  a r e  i n t e r s p e c i f i c  a n e u p l o i d s ,  though  
p a r t i a l  h e t e r o p l o i d s  may be a p r e f e r a b l e  d e s c r i p t i o n .  The m a j o r i t y  o f  
th e  g e n e t i c a l  i n f o r m a t io n  a p p e a r s  to  be p r o v id e d  by one p a r e n t  i n  
a s s o c i a t i o n  w i th  a  much s m a l l e r  c o n t r i b u t i o n  from th e  o t h e r .  I t  would 
a p p e a r  t h a t  th e  p r e f e r e n t i a l  l o s s  o f  chromosomes from one s p e c i e s  has  
o c c u r r e d  w i th  j u s t  th o s e  g e n e t i c  e le m e n ts  n e c e s s a r y  f o r  n u t r i t i o n a l  
co m p lem en ta t io n  b e in g  r e t a i n e d .
A l l  o f  th e  i n t e r s p e c i f i c  h y b r i d i z a t i o n  e x p e r im e n ts  so f a r  r e p o r t e d  have 
r e v e a l e d  t h a t  t h e s e  s i t u a t i o n s  a r e  h i g h l y  u n s t a b l e  g e n e t i c a l l y  and t h a t  
th e y  a r e  s e v e r e l y  a f f e c t e d  m o r p h o lo g i c a l l y  when m a in ta in e d  by s t r o n g  
n u t r i t i o n a l  s e l e c t i o n .  T h is  c o u ld  w e l l  be  a t t r i b u t a b l e  to  chromosome 
s t r u c t u r a l  v a r i a t i o n  be tw een  th e  s p e c i e s ,  d e l e t e r i o u s  a l l e l i c  o r  non­
a l l e l i c  i n t e r a c t i o n s  due to  th e  p o o r l y  c o - a d a p te d  n a t u r e  o f  th e  combined 
n u c l e a r  genomes, and d e l e t e r i o u s  i n t e r a c t i o n s  be tw een  o r g a n e l l e  g e n e t i c  
e le m e n ts  and th e  a s s o c i a t e d  p o o r l y  c o - a d a p te d  n u c l e a r  genomes.
One such  mechanism w hich  may o p e r a t e  i n t e r s p e c i f i c a l l y , can be d e t e c t e d  
o p e r a t i n g  w i t h i n  many fu n g a l  s p e c i e s  and t h i s  i s  h e te r o k a r y o n  o r  v e g e t a t i v e  
i n c o m p a t i b i l i t y .  A h e t e r o k a r y o n  i n c o m p a t i b i l i t y  sy s tem  h as  been  o b se rv e d  
i n  th e  A scomycete ,  A. n id u l a n s  ( s e e  r e f . 11 f o r  rev iew ) and h e re  
in d e p e n d e n t  w i l d  i s o l a t e s  have  b een  g rouped  a c c o rd in g  to  t h e i r  a b i l i t y  to  
form h e t e r o k a r y o n s .  Members o f  any one h e te r o k a r y o n  c o m p a t ib le  (h - c )  
group a l l  form h e t e r o k a r y o n s  w i th  e ach  o t h e r ,  b u t  do n o t  n o rm a l ly  do so 
w i th  members o f  any o t h e r  g ro u p .  Under no rm al c i r c u m s ta n c e s  t h i s  i n a b i l i t y  
to  form h e t e r o k a r y o n s  p r e c l u d e s  any f u r t h e r  s t a g e s  o f  p a r a s e x u a l  
d ev e lo p m en t .  However, i t  h a s  p ro v ed  p o s s i b l e  to  s e x u a l l y  c r o s s  s t r a i n s  
b e lo n g in g  to  d i f f e r e n t  h~c g roups  and su b s e q u e n t  p ro g en y  a n a l y s i s  has  
r e v e a l e d  t h a t  t h i s  i n c o m p a t i b i l i t y  sy s te m  i s  c o n t r o l l e d  by a number o f  
n u c l e a r  g e n e s ,  t h e  h e t  g e n e s ,  and t h a t  a l l e l i c  d i f f e r e n c e s  be tw een  s t r a i n s  
a t  any o n e ,  o r  more, o f  t h e s e  h e t  l o c i  w i l l  r e s u l t  i n  h e te r o k a r y o n  
i n c o m p a t i b i l i t y .  More complex s e x u a l  c r o s s i n g  programmes, o f t e n  i n v o l v i n g  
m u l t i p l e  b a c k c r o s s e s ,  have  e n a b le d  th e  e x a c t  number o f  h e t  gene d i f f e r e n c e s  
be tw een  s t r a i n s  to  be  a s c e r t a i n e d .  I n  t h i s  way th e  number o f  h e t  genes 
s e g r e g a t i n g  i n  c r o s s e s  be tw een  members o f  h - c  g roups  A and B h as  been  
found to  be  7 , and t h a t  t h e s e  groups  d i f f e r  from th e  s t a n d a r d  l a b o r a to r y . ,  
NRRL 194 d e r i v a t i v e  'G la sg o w ' s t r a i n s  ( h - c  Gl) a t  6 and 2 h e t  l o c i  
r e s p e c t i v e l y .  C o n s id e r a t i o n  o f  t h i s  t r i a n g u l a r  s i t u a t i o n  h a s  i n d i c a t e d  
t h a t  3 d i f f e r e n t  a l l e l e s  m ust be o p e r a t i n g  a t  one h e t  lo c u s  w i t h i n  th e s e  
3 h - c  g ro u p s  f o r  t h i s  c o m p a t i b i l i t y  r e l a t i o n s h i p  t o  be  u p h e ld .  The two 
h e t  genes w hich  s e g r e g a t e  i n  c r o s s e s  be tw een  s t r a i n s  o f  h - c  B and h - c  Gl 
have b een  d e s i g n a t e d  he tA  and h e tB , w i th  Glasgow s t r a i n s  b e in g  d e s i g n a t e d
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h e t A l ; h e t B I , and h - c  B s t r a i n s  b e in g  he tA 2; h e tB 2 ■ T hese  two h e t  l o c i  
were found  to  b e  u n l i n k e d ,  th e  r e c o m b in a n t  c l a s s e s  h e t A l ;  he tB 2  and h e tA 2 ; 
he tB I  b e in g  r e c o v e r e d  i n  e q u a l  f r e q u e n c i e s  w i th  th e  p a r e n t a l  c l a s s e s  from 
s e x u a l  c r o s s e s .
The amount o f  f u r t h e r  g e n e t i c a l  i n f o r m a t io n  t h a t  can be  g a in e d  from th e  
a n a l y s i s  o f  s e x u a l  c r o s s e s  i s  l i m i t e d ,  m a in ly  by th e  h ig h  m e i o t i c  
r e c o m b in a t io n  f r e q u e n c y  e x h i b i t e d  by A. n i d u l a n s  and  a l s o  by th e  low 
number o f  g e n e t i c a l  m a rk e rs  a t  p r e s e n t  a v a i l a b l e  w i t h i n  th e  h - c  g ro u p s ,  
w i th  th e  s i n g l e  e x c e p t i o n  o f  th e  Glasgow group o f  s t r a i n s .  C o n seq u en t ly  
th e  p o s s i b i l i t y  o f  d e t e c t i n g  l i n k a g e  o f  h e t  genes  w i th  o t h e r  s t a n d a r d  
g e n e t i c a l  m a rk e rs  i s  r e m o te .  F u r th e rm o r e ,  as  th e  s e x u a l  c r o s s i n g  
mechanism i s  a p p a r e n t l y  u n a f f e c t e d  by p a r e n t a l  s t r a i n s  b e a r i n g  d i f f e r e n t  
h e t  gene c o m b in a t io n s  ( 1 2 ) ,  th e n  t h i s ,  i n  i t s e l f ,  p r e c l u d e s  i n v e s t i g a t i o n  
o f  th e  i n t e r a c t i o n  o f  d i f f e r i n g  a l l e l e s  a t  i n d i v i d u a l  h e t  l o c i .  T h is  
l e a v e s  th e  enigma t h a t  t h e  m ost d e s i r a b l e  method f o r  s t u d y in g  th e  
g e n e t i c a l  c o n t r o l  o f  th e  h e te r o k a r y o n  i n c o m p a t i b i l i t y  s y s te m  i n  A. n id u l a n s  
would be  by th e  o b s e r v a t i o n  o f  h e te r o k a r y o n  f o r m a t io n  and by p a r a s e x u a l  
a n a l y s i s  o f  s u b s e q u e n t  d i p l o i d  o r  a n e u p lo i d  s t r a i n s  d e r i v e d  from 
h e t e r o k a r y o n  in c o m p a t i b le  p a r e n t s ,  th o u g h ,  u n d e r  no rm al c i r c u m s t a n c e s  t h i s  
ap p ro a c h  i s  p r e v e n t e d  by th e  i n c o m p a t i b i l i t y  sy s tem  i t s e l f .  I n i t i a l  
e x p e r im e n t s  u s i n g  a p r o t o p l a s t  f u s i o n  t e c h n i q u e ,  h o w ever ,  i n d i c a t e d  t h a t  
i t  was p o s s i b l e  to  i s o l a t e  h e t e r o k a r y o n s  and p ro b a b ly  d i p l o i d s  from 
v e g e t a t i v e l y  i n c o m p a t i b l e  p a r e n t s  (13) and t h i s  opened th e  way f o r  
c o n d u c t in g  r o u t i n e  p a r a s e x u a l  a n a ly s e s  o f  be tw een  h - c  d i f f e r e n c e s .
The methods by w hich  p r o t o p l a s t s  were l i b e r a t e d  from  s t r a i n s  o f  A. n id u l a n s  
and in d u c e d  to  fu s e  have b een  r e p o r t e d  i n  d e t a i l  e l s e w h e r e  ( 1 4 ) .  They 
a r e  l a r g e l y  d e r i v e d  from th e  methods u sed  by P eb erd y  (1 5 ,  16) and 
F e re n c z y  (1 7 ,  18).
To p e r f o rm  a s t a n d a r d  p a r a s e x u a l  a n a l y s i s  s t a r t i n g ’ w i th  s t r a i n s  o f  
d i f f e r e n t  h e te r o k a r y o n  c o m p a t i b i l i t y ,  i t  would have been  d e s i r a b l e  t o  have 
t h e  p a r e n t a l  s t r a i n s  marked on a l l  l i n k a g e  g ro u p s .  F u l l y  marked m a s te r  
s t r a i n s  a r e  n o t  a v a i l a b l e  a t  p r e s e n t  i n  any o f  th e  h - c  g roups  d e r i v e d  
from th e  Birmingham c o l l e c t i o n  o f  w i ld  i s o l a t e s  and th e  amount o f  work 
t h a t  would be  n e c e s s a r y  to  s y n t h e s i z e  such  s t r a i n s  made t h i s  ap p ro ach  
i m p r a c t i c a l .  M as te r  s t r a i n s  a l r e a d y  were a v a i l a b l e  i n  th e  Glasgow s t o c k s  
and i t  was d e c id e d  t o  u se  t h e s e  i n  c o n j u n c t i o n  w i th  s t r a i n s  o f  d i f f e r e n t  
h e t e r o k a r y o n  c o m p a t i b i l i t y  b e a r i n g  s i n g l e  a u x o t r o p h ic  r e q u i r e m e n t s ,  
n e c e s s a r y  f o r  th e  n u t r i t i o n a l  s e l e c t i o n  o f  th e  p r o d u c t s  o f  p r o t o p l a s t  
f u s i o n .  T h is  would in v o k e  th e  a s s u m p t io n  t h a t  w i l d - t y p e  g enes  p o s s e s s e d  
by th e  non-G lasgow  p a r e n t  were a l l e l i c  w i t h ,  and o f  th e  same l i n k a g e  
r e l a t i o n s h i p s  as  t h e  m ark e rs  b o rn e  by th e  Glasgow m a s te r  s t r a i n s .  I t  
was hoped  t h a t  th e  s e g r e g a t i o n  p a t t e r n s  and ' a l l e l i c '  r a t i o s  o b ta i n e d  
from th e  p a r a s e x u a l  a n a l y s e s  would  i n d i c a t e  w h e th e r  t h i s  a s s u m p tio n  was 
v a l i d .
P r o t o p l a s t  f u s i o n  o f  s t r a i n  MSP w i t h  s t r a i n  JC .9 -8
These two s t r a i n s  a r e  o f  Glasgow and h - c  B c o m p a t i b i l i t y  r e s p e c t i v e l y  and 
p o s s e s s  t h e  f o l lo w in g  g e n o ty p e s  f o r  known, s t a n d a r d  m a r k e r s :
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MSD ( h - c  Glasgow)
suAl + yA2 adE20 AcrAl phenA2 pyroA4 lysB5 sB3 n icB 8  riboB2
I  I I  I I I  IV V VI V II  V I I I
— t------------------- 1------------------1------------- 1----------------- 1------------------1---------------- 1------------------- ■------------- 1------------- •------------------->---------
+ p a b a - 1 .3  + + AcrAl + + + + + +
J C . 9 -8  ( h - c  B)
S t r a i n  J C .9 -8  i s  one o f  th e  p ro g en y  from  a  s e x u a l  c r o s s  be tw een  s t r a i n  MSD 
and a Birmingham h - c  B i s o l a t e  i n  w h ich  a p -a m in o b e n z o ic  a c i d  r e q u i r e m e n t  
p a b a - 1 . 3 , h ad  b een  in d u c e d .  U n f o r t u n a t e l y ,  b o th  s t r a i n  MSD and J C .9 -8  
p o s s e s s  th e  a c r i f l a v i n e  r e s i s t a n c e  m a rk e r ,  A crA l,  on l i n k a g e  group I I ,  so 
t h e r e  was no t e s t  f o r  h e t  gene l o c a t i o n  on t h a t  p a r t i c u l a r  chromosome. 
P r o t o p l a s t  f u s i o n  r e s u l t e d  i n  t h e  i s o l a t i o n ,  on o s m o t i c a l l y  s t a b i l i z e d  Cz 
a g a r ,  o f  c o l o n i e s  o f  t h i n  m y c e l i a l  m orpho logy ,  showing th e  t y p i c a l  uneven 
grow th p a t t e r n  o f  b a l a n c e d  h e t e r o k a r y o n s . N e i t h e r  p r o t o p l a s t s  from  th e  
i n d i v i d u a l  p a r e n t a l  s t r a i n s  n o r  o s m o t i c a l l y  im b a lan ced  fu s e d  p r o t o p l a s t s  
r e g e n e r a t e d  on s t a b l i l i z e d  Cz a g a r .  The c o l o n i e s  t h a t  r e g e n e r a t e d  on th e  
f u s io n  p l a t e s  d e v e lo p e d  an i n t e n s e  p in k  p ig m e n ta t io n  i n  th e  m ycel ium  which 
d i f f u s e d  i n t o  th e  s u r r o u n d in g  a g a r .  The f r e q u e n c y  o f  s p o r e  head  fo r m a t io n  
was low and t h e s e  were m a in ly  sm a l l  and u n p ig m en ted .  In  some c a s e s  th e  
p in k  p ig m e n ta t io n  w i t h i n  th e  hyphae h ad  s u f f u s e d  t h e  c o n id io p h o r e  and th e  
whole s t r u c t u r e ,  i n c l u d i n g  c o n i d i a ,  d i s p l a y e d  t h i s  p in k  c o l o u r a t i o n .
However, i n  some s p o r e  h ead s  y e l lo w  o r  g re e n  c o n i d i a l  p i g m e n ta t io n  was 
o b s e rv e d  and y e l l o w - g r e e n  s t r i p e d  h e t e r o k a r y o t i c  h e a d s  were seen  
o c c a s i o n a l l y .  The c o l o n i e s  were e a s i l y  s u b c u l t u r e d  o n to  c l e a n , u n s t a b i l i z e d  
Cz a g a r  where t h e  g row th  r e t a i n e d  th e  p in k  p ig m e n ta t io n  and t h e  v e ry  low 
p r o d u c t i o n  o f  c o n i d i a .  Breakdown o f  t h e s e  c o l o n i e s  on f u l l y  su p p lem en ted  
media l e d  to  th e  r e c o v e r y  o f  p a r e n t a l  g e n o ty p e s  o n l y ,  b o th  f o r  m a rk e rs  and 
c o m p a t i b i l i t y  t y p e ,  from  a sam ple o f  32 p u r i f i e d  s e c t o r s .  The c o l o n i e s  
w hich  r e s u l t e d  from  p r o t o p l a s t  f u s i o n  w ere t h e r e f o r e  c o n s i d e r e d  to  be 
h e t e r o k a r y o n s  formed a c r o s s  a h e t e r o k a r y o n  i n c o m p a t i b i l i t y  group b a r r i e r  
p ro d u ced  by 2 h e t  g e n e s .
D e s p i t e  th e  low numbers o f  c o n i d i a  p ro d u c e d  by th e  h e t e r o k a r y o n s ,  c o n i d i a l  
s u s p e n s io n s  c o u ld  b e  o b t a i n e d .  P l a t i n g s  o f  such s u s p e n s io n s  i n  s o f t  a g a r  
l a y e r s  on Cz a g a r  l e d  to  th e  r e c o v e r y  o f  p r o t o t r o p h i c ,  s y m m e t r i c a l ly  round 
c o l o n i e s ,  c h a r a c t e r i s t i c  o f  no rm al  d i p l o i d  s t r a i n s ,  a t  a  f r e q u e n c y  o f  
1 .73 x 10 b o f  c o lo n y  fo rm in g  u n i t s  p l a t e d .  These w ere a g a in  t h i n  m y c e l i a l  
c o l o n i e s  d i s p l a y i n g  a p in k  p ig m e n ta t io n  w hich  was c e l l - l o c a l i s e d  and n o t  
s e c r e t e d  i n t o  th e  medium. S p o r u l a t i o n  was s p a r s e  w i th  a  sm a l l  number o f  
u np igm ented  o r  p in k  p ig m en ted  c o n i d i o p h o r e s . Towards th e  p e r i p h e r y  o f  th e  
c o l o n i e s  s p o r u l a t i o n  was s l i g h t l y  im proved and s m a l l ,  d i f f u s e  sp o re  h eads  
o f  l i g h t  g re e n  c o n i d i a l  p ig m e n ta t io n  were o b s e r v e d .  These c o n i d i a  were 
found t o  b e  on a v e ra g e  1.33 x th e  d ia m e te r  o f  no rm al h a p l o i d  c o n i d i a .  Rare 
y e l l o w - s p o r i n g  h e a d s  were o b s e r v e d  w i t h i n  th e  c o l o n i e s  and o c c a s i o n a l  
s e c t o r s  o f  h a p l o i d  m orphology w hich  w ere u s u a l l y  h i g h l y  s e x u a l .  At t h i s  
s t a g e  t h e s e  p in k  c o l o n i e s  w ere  presum ed to  be  d i p l o i d .  O c c a s i o n a l l y ,  on 
p ro lo n g e d  i n c u b a t i o n ,  o r  f o l lo w in g  m y c e l i a l  s u b c u l t u r e ,  s e c t o r s  o f  normal 
d i p l o i d  m orphology a p p e a re d  and t h e s e  w i l l  be  d i s c u s s e d  l a t e r .  The p in k ,  
p resum ed d i p l o i d  c o l o n i e s  were in d u c e d  to  h a p l o i d i z e  on f u l l y  sup p lem en ted  
media c o n t a i n i n g  benomyl (19 , 2 0 ) .  A p ro g en y  sample o f  97 s e c t o r s  was 
c o l l e c t e d  and a n a ly s e d  f o r  g e n o ty p e .  A summary o f  th e  r e s u l t s  o f  t h i s  
p a r a s e x u a l  a n a l y s i s  a r e  g iv e n  i n  t a b l e  1.
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T a b le  1: P e r c e n t  r e c o m b in a n t s  be tw een  he tA  and h e tB  and p a r e n t a l
m ark e rs
I  I I I  IV V VI V II  V I I I
paba  yA phenA pyroA lysB  sB n icB  r ib o B  hetB
he tA  5 3 .6  5 3 .6  4 9 .5  5 1 .5  1 .0  5 3 .6  6 2 .9  5 6 .7  5 2 .5
he tB  4 2 .3  4 2 .3  5 6 .7  4 6 .4  5 3 .6  1 .0  4 5 .4  4 9 .5
I t  can  b e  se e n  from  t a b l e  1 t h a t  th e  h e t  g enes  s e g r e g a t e d  i n d e p e n d e n t ly  
from  e ach  o t h e r  and  t h i s  co n f i rm s  th e  d a t a  o b t a i n e d  from  s e x u a l  c r o s s e s  
t h a t  t h e s e  g enes  a r e  u n l i n k e d .  The h e t  g en es  a l s o  d e m o n s t r a t e d  random 
s e g r e g a t i o n  w i th  th e  o t h e r  m a rk e r s  t e s t e d ,  e x c e p t  t h a t  he tA  shows m i t o t i c  
l i n k a g e  w i th  t h e  lysB  lo c u s  on l i n k a g e  group V and s i m i l a r l y  he tB  i s  
m i t o t i c a l l y  l i n k e d  w i t h  t h e  sB lo c u s  on l i n k a g e  group VI. The a l l e l i c  r a t i o s  
o b t a i n e d  i n  t h i s  e x p e r i e m n t  w ere a l l  a p p ro x im a te ly  1:1 and t h i s  random 
a s s o r tm e n t  i s  i n d i c a t i v e  o f  a  t r a n s l o c a t i o n - f r e e  r e l a t i o n s h i p  (21 ,  22) 
b e tw een  s t r a i n s  MSD and J C .9 - 8 .
P r o t o p l a s t  f u s i o n  o f  s t r a i n s  b e a r i n g  d i f f e r e n t  a l l e l e s  a t  t h e  he tA  lo c u s  
In  t h e s e  e x p e r im e n t s  t h e  re c o m b in a n t  c o m p a t i b i l i t y  c l a s s e s  o f  h - c  B 
x h - c  G1 c r o s s e s  w ere fu s e d  w i t h  th e  p a r e n t a l  ty p e s  i n  th e  f o l l o w in g  
c o m b i n a t i o n s :
h e t A l ; h e tB l  ( h - c  Gl) + h e tA 2 ; h e t B 1 (Recom binant)  
h e tA 2 ; hetB2 (h -c  B) + h e t A l ; hetB2 (R ecom binant)
In  b o th  c a s e s  p r o t o p l a s t  f u s i o n ,  o f  s t r a i n s  a l s o  b e a r i n g  com plem enting  
a u x o t r o p h ic  r e q u i r e m e n t s ,  l e d  t o  t h e  r e c o v e r y  on Cz a g a r  o f  c o l o n i e s  
w i t h  a s e c t o r i n g  grow th  p a t t e r n ,  b e a r i n g  g re e n  and y e l lo w  s p o r e  h ead s  and 
o c c a s i o n a l  s t r i p e d  h e t e r o k a r y o t i c  h e a d s .  The rem oval o f  n u t r i t i o n a l  
s e l e c t i o n  c a u se d  t h e  breakdown o f  t h e s e  c o l o n i e s  and o n ly  p a r e n t a l  genotypes 
c o u ld  be  r e i s o l a t e d .  The f u s i o n  p r o d u c t s  o f  th e  two c o m b in a t io n s  were 
v i r t u a l l y  i d e n t i c a l  and any s l i g h t  v i s i b l e  d i f f e r e n c e s  c o u ld  b e  a c c o u n te d  
f o r  i n  te rm s  o f  th e  p l a s t i c i t y  o f  h e t e r o k a r y o n  b a l a n c e  ( 2 3 ) .  In  co m p ar iso n  
to  h e t e r o k a r y o n s  p ro d u ced  from c o m p a t ib l e  p a i r i n g s  t h e r e  was a s l i g h t  
r e d u c t i o n  i n  sp o re  head  s i z e  and  in  s p o r u l a t i o n  d e n s i t y  w i th  a e r i a l  hypae 
and n o n - c o n i d i a t i n g  a r e a s  o f  mycelium v i s i b l e ,  though  no o t h e r  m o rp h o lo g ica l  
d i f f e r e n c e s  c o u ld  b e  o b s e r v e d .  N e v e r t h e l e s s ,  a l l e l i c  d i f f e r e n c e s  f o r  th e  
he tA  gene have a lw ays  b een  f u l l y  e f f e c t i v e  i n  p r e v e n t i n g  h e t e r o k a r y o s i s  
when u s i n g  s t a n d a r d  m ethods  f o r  t h e  p r o d u c t i o n  o f  h e t e r o k a r y o n s .  P l a t i n g s  
o f  c o n i d i a l  s u s p e n s io n s  f o r  d i p l o i d  r e c o v e r y  l e d  to  th e  i s o l a t i o n  o f  
s y m m e t r ic a l ly  ro u n d  c o l o n i e s ,  w hich  w ere v i r t u a l l y  i d e n t i c a l  i n  th e  two 
c o m b in a t io n s .  S l i g h t l y  d i f f u s e  sp o re  h ead s  o f  p a l e  g reen  p ig m e n ta t i o n  were 
p ro d u ced  w i th  c o n i d i a l  d ia m e te r s  t y p i c a l l y  l a r g e r  th a n  th o s e  o f  h a p l o i d  
c o n i d i a  and o c c a s i o n a l l y  y e l lo w  h ead s  were o b s e r v e d .  T here  w as ,  th o u g h ,  a 
s l i g h t  r e d u c t i o n  i n  s p o r e  head  d e n s i t y  when co m p ar iso n  was drawn w i th  
s t a n d a r d  d i p l o i d  s t r a i n s  and t h i s  s l i g h t  ' r e d u c t i o n  i n  v i g o u r '  e n a b le d  
th e  v i s u a l  i d e n t i f i c a t i o n  o f  s e c t o r s  o f  a p p a r e n t l y  norm al d i p l o i d  morphology. 
In  a s i t u a t i o n  where p a r a s e x u a l  mapping was f e a s i b l e  ( s t r a i n  MSD -  h e t A l ; 
h e tB l  + h - c  B s t r a i n  -  h e tA 2 ; h e t B l ) t h e  r e s u l t s  co n f i rm e d  th e  l o c a t i o n  
o f  he tA  on chromosome V.
P r o t o p l a s t  f u s i o n  o f  s t r a i n s  b e a r i n g  d i f f e r e n t  a l l e l e s  a t  th e  he tB  l o c u s . 
Here t h e  f o l lo w in g  c o m p a t i b i l i t y  c o m b in a t io n s  were em ployed: 
h e t A l ; h e tB l  ( h - c  Gl) + h e t A l ; hetB2 (R ecom binant)  
h e tA 2 ; hetB2 ( h - c  B) + he tA 2; h e t B 1 (R ecom binant)
77
DALES AND CROFT
H e te ro k a ry o n s  and d i p l o i d  s t r a i n s  o b ta i n e d  fo l lo w in g  p r o t p l a s t  f u s io n  in  
t h e s e  e x p e r im e n ts  were v e ry  s i m i l a r  m o r p h o lo g ic a l l y  to  th o s e  o f  th e  MSD + 
J C .9 -8  f u s io n  e x p e r im e n t .  They d i s p l a y e d  many o f  th e  c h a r a c t e r i s t i c s  seen  
i n  h e t e r o k a r y o n s  and d i p l o i d s  from  c o m p a t ib le  p a i r i n g s  e x c e p t  f o r  th e  
i n t e n s e  p in k  p ig m e n ta t io n  to  th e  t h i n  mycelium and th e  d r a s t i c a l l y  im p a ired  
s p o r u l a t i o n .  I t  would a p p e a r  t h a t  much o f  th e  m o rp h o lo g ic a l  a b n o rm a l i ty  
o b s e rv e d  i n  th e  p r o d u c t s  o f  h - c  G1 w i th  h - c  B p r o t o p l a s t  f u s i o n s  can  be 
d i r e c t l y  a t t r i b u t e d  t o  a l l e l i c  d i f f e r e n c e s  a t  th e  he tB  g ene .  P a ra s e x u a l  
a n a l y s i s  o f  th e  d i p l o i d s  h e te r o z y g o u s  f o r  he tB  co n f i rm e d  th e  map l o c a t i o n  
o f  t h i s  gene on chromosome VI and i n  th e  d i p l o i d  c o l o n i e s  t h e m s e lv e s ,  
s e c t o r s  o f  a p p a r e n t l y  norm al d i p l o i d  m orphology were a g a in  o b s e r v e d .
A n a ly s i s  o f  th e  norm al morphology d i p l o i d  s e c t o r s
H a p l o i d i z a t i o n  o f  a sam ple o f  t h e s e  s e c t o r s  r e v e a l e d  t h a t  th e y  were a l l  
re c o m b in a n t  d i p l o i d s .  R ecom bina tion  h ad  ta k e n  p l a c e  i n  such a way as  to  
r e n d e r  homozygous, l i n k a g e  groups  w hich i n i t i a l l y  p o s s e s s e d  h e te r o z y g o u s  
a l l e l e s  f o r  h e t  g e n e s .  For  example th e  norm al morphology d i p l o i d  s e c t o r s  
em an a t in g  from th e  MSD/JC.9-8 d i p l o i d  were found to  be homyzygous f o r  b o th  
l i n k a g e  g roups  V and V I, w h i le  h e t e r o z y g o s i t y  was r e t a i n e d  a t  t h e  rem a in in g  
6 chromosomes. I t  would seem r e a s o n a b le  to  assume t h a t  th e s e  reco m b in an t  
d i p l o i d  s t r a i n s  w ere  s e l e c t e d  i n  d i r e c t  r e s p o n s e  to  h e t  gene h e t e r o z y g o s i t y  
w i t h i n  th e  im p a i r e d  m orpho logy ,  h e te r o z y g o u s  d i p l o i d  c o l o n i e s ,  i . e .  t h e r e  
was a  s t r o n g  s e l e c t i o n  p r e s s u r e  f a v o u r in g  h e t  gene h o m o zy g o s i ty .  U sing 
t h i s  a s  an i n i t i a l  p r e m is e ,  two models can be  p ro p o s e d  .o f  mechanisms which 
would a c h ie v e  h e t  gene h o m o zy g o s i ty  (14 ,  2 4 ,  2 5 ) .  F i r s t l y ,  by m i t o t i c  
r e c o m b in a t io n  ( F i g . l )  and s e c o n d ly ,  by n o n - d i s j u n c t i o n a l  s e g r e g a t i o n  o f  
w hole chromosomes i n v o l v i n g  t r a n s i e n t  t r i s o m y  ( F i g . 2 ) .  At p r e s e n t  t h e r e  i s  
no e v id e n c e  to  f a v o u r  e i t h e r  o f  t h e s e  m o d e ls ,  though  e x p e r im e n ts  a r e  in  
p r o g r e s s ,  u s i n g  t e s t e r  s t r a i n s  m u l t i p l y  marked on l i n k a g e  groups  V and VI 
i n  o r d e r  to  e l u c i d a t e  th e  u n d e r l y in g  mechanisms o f  t h i s  g e n e t i c  i n s t a b i l i t y .
neioi so.)
hetBI sB3 
hetB2 +
hetB2 4-
M  sB3 hetBI
: " y :
+  hetB2
sB3 hetBI
sB3 hetBI 
+ hetB2
°  +  hetB2
sB3 _ hetBI
+  hetBI
sB3 ,  hetB2
+ hetB2
F i g . l :  A model f o r  a c h ie v in g  h e t  gene hom o zy g o s i ty  f o r  l i n k a g e
group VI v i a  m i t o t i c  r e c o m b in a t io n .  The r e s u l t  i n d i c a t e d  
i n  (c) h a s  n e v e r  been  r e c o v e r e d .
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hetßl sB3
helB2 +
Or
hetBI sB3
hetBI sB3
_ hetB2 +
hetB2 +
_ hetB2 +
hetB2 +
o s^3
_ hetBI sB3
hetBI sB3
hetBI sB3
het B2 +
hetB2 +
hetB2 +
hetBI sB3
F i g . 2: A model f o r  a c h i e v in g  h e t  gene hom o zy g o s i ty  f o r  l i n k a g e  
group VI v i a  n o n - d i s j u n c t i o n .
P r o t o p l a s t  f u s io n  o f  s t r a i n  MSP w i th  s t r a i n  6 5 - 4 .
S t r a i n  65-4  i s  a  member o f  h - c  A and i s  a  m u tan t  d e r i v a t i v e ,  p o s s e s s i n g  a 
r e q u i r e m e n t  f o r  p -am in o b en zo ic  a c i d ,  p a b a - 6 5 ■1 , o f  w i ld  i s o l a t e  65 o f  th e  
Birmingham s t r a i n  c o l l e c t i o n .  Glasgow s t r a i n s  d i f f e r  from s t r a i n s  o f  h - c  A 
a t  6 h e t  l o c i  (24) and t h i s  number o f  h e t  gene d i f f e r e n c e s  would make a 
p a r a s e x u a l  a n a l y s i s  e x t r e m e ly  c o m p l ic a t e d .  H e te ro k a ry o n  c o m p a t i b i l i t y  
t e s t i n g  i s  r o u t i n e l y  p e rfo rm ed  by i n o c u l a t i n g  s t r a i n s  o f  d i f f e r e n t  sp o re  
c o lo u r  t o g e t h e r ,  w i th o u t  n u t r i t i o n a l  s e l e c t i o n  and i n v e s t i g a t i n g  f o r  th e  
p r e s e n c e  o r  ab sen ce  o f  h e t e r o k a r y o t i c  c o n i d i a l  h e a d s .  The p r e s e n c e  o f  
t h e s e  s t r i p e d  h eads  i s  i n d i c a t i v e  o f  a  n e u t r a l  o r  n o n - s e l e c t e d  h e te r o k a ry o n .  
T h is  method i s  v e ry  u s e f u l  when t e s t e r  s t r a i n s  o f  known c o m p a t i b i l i t y  a r e  
a v a i l a b l e  a s  was p o s s i b l e  w i th  t h e  h - c  B: h - c  G1 c o m p a t i b i l i t y  d i f f e r e n c e .
A c r o s s  p e r fo rm ed  be tw een  s t r a i n s  o f  h - c  A and h - c  G1 would be  e x p e c t e d  to  
l i b e r a t e  64 c o m p a t i b i l i t y  c l a s s e s  among th e  p ro g e n y .  S t r a i n s  o f  b o th  g reen  
and y e l lo w  sp o re  c o lo u r  would be  r e q u i r e d  f o r  each  c l a s s  and t h e r e f o r e  128 
c o m p a t i b i l i t y  t e s t e r  s t r a i n s  would be  n eeded  i f  a  f u l l  p a r a s e x u a l  a n a l y s i s  
was a t t e m p t e d .
However, p a r a s e x u a l  h a p l o i d i s a t i o n  a n a l y s i s  in v o l v e s  th e  r e a s s o r t m e n t  o f  
c o m p le te ,  un reco m b in ed ,  l i n k a g e  g ro u p s .  M i t o t i c  c r o s s i n g - o v e r  e v e n t s  
u s u a l l y  o n ly  a f f e c t  t h i s  s i t u a t i o n  i n  l e s s  th a n  1% o f  c a s e s .  C o n se q u e n t ly ,  
i n  a h a p l o i d i s a t i o n  a n a l y s i s ,  i f  a l l  8 l i n k a g e  groupswere  m o n i to r e d  w i th  
s t a n d a r d  m ark e rs  th e n  i t  would be g e n e r a l l y  e x p e c t e d  t h a t  h e t  a l l e l e s  would 
s e g r e g a t e  w i t h  n e a r  co m p le te  l i n k a g e  t o  th e  a l l e l e s  o f  s t a n d a r d  m ark e rs  
l o c a t e d  on th e  same l i n k a g e  group (2 6 ) .  I t  sh o u ld  t h e r e f o r e  p ro v e  p o s s i b l e  
t o  a n a ly s e  a p a r a s e x u a l  p rogeny  sam ple among i t s  c o n s t i t u e n t s .  For example, 
t a k e  th e  2 fo l lo w in g  h y p o t h e t i c a l  p ro g en y  s t r a i n s  o f  an h - c  G1 w i th  h - c  A 
p a r a s e x u a l  c r o s s :
L inkage  Group I I I I I I IV V VI VII V I I I
S t r a i n  1 + y Acr + + + s n i e r i b o
S t r a i n  2 paba  + Acr + + + s n i e r i b o
- = L inkage grovjps d e r iv e d from Glasgow p a r e n t
= L inkage groups  d e r i v e d  from  h - c  A p a r e n t
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I f  t h e s e  two s t r a i n s  w ere c o m p a t ib le  i t  w ould  i n d i c a t e  t h a t  t h e r e  was no 
h e t  gene l o c a t i o n  on l i n k a g e  group I .  Then by p a i r i n g  f u r t h e r  p ro g en y  
s t r a i n s  h e te r o z y g o u s  f o r  l i n k a g e  group I ,  w h ich  i s  n e c e s s a r y  f o r  th e  sp o re  
c o lo u r  d i f f e r e n c e ,  and  f o r  e ach  o t h e r  l i n k a g e  group in  t u r n  th e n  t e s t s  can 
be made f o r  th e  l o c a t i o n  o f  h e t  genes on th e  r e m a in in g  7 chromosomes. For 
ex am p le ,  th e  f o l lo w in g  two p ro g en y  s t r a i n s  would t e s t  f o r  l o c a t i o n  on 
chromosome V II :
DALES AND CROFT
L inkage Group I I I I I I IV V VI V II V I I I
S t r a i n  3 + y + phen py ro ly s + n i e r i b o
S t r a i n  4 paba + + phen py ro ly s + + r i b o
P r o t o p l a s t  f u s i o n  o f  s t r a i n  MSD w i th  s t r a i n  65-4  l e d  to  th e  r e g e n e r a t i o n  o f  
sm a l l  c o lo n y  c e n t r e s  composed o f  j u s t  a  few h y p h a e . Only 5 o f  t h e s e  
c o lo n y  c e n t r e s  r e g e n e r a t e d  f u r t h e r  to  d i s p l a y  a t h i n ,  n o n - c o n i d i a t i n g ,  b u t  
s e c t o r i n g  mode o f  grow th  c h a r a c t e r i s t i c  o f  b a la n c e d  h e t e r o k a r y o n s . I n  th e  
ab se n c e  o f  n u t r i t i o n a l  s e l e c t i o n  b o th  p a r e n t a l  ty p e s  were r e c o v e r e d .  
S u sp e n s io n s  o f  mixed m y c e l i a l  f r a g m e n ts  and c o n i d i a  were made from  th e s e  
h e t e r o k a r y o n s  and s o f t - a g a r  l a y e r  p l a t i n g s  e n a b le d  th e  r e c o v e r y  o f  
s y m m e t r ic a l ly  round  c o l o n i e s  w i th  a  t h i n  mycelium and v e r y  few c o n i d i a .  
These c o l o n i e s  were assumed t o  be d i p l o i d  and h a p l o i d  p ro g en y  sam ples  were 
c o l l e c t e d .  A n a ly s i s  o f  th e  s t a n d a r d  m a rk e rs  r e v e a l e d  t h a t  a l l  m a rk e rs  
were s e g r e g a t i n g  i n d e p e n d e n t ly  from t h e i r  r e s p e c t i v e  w i l d - t y p e  a l l e l e s ,  
e x c e p t  f o r  th e  sB m ark e r  on l i n k a g e  group V I .  A l l  th e  256 h a p l o i d  p ro g en y  
s e g r e g a n t s  were w i l d - t y p e  w i th  r e s p e c t  to  t h i s  m a r k e r .  T h is  u n f o r t u n a t e l y  
m eant t h a t  a  chromosome s u b s t i t u t i o n  t e s t  f o r  l o c a t i o n  o f  h e t  genes on 
chromosome VI was n o t  p o s s i b l e .  The t e s t s  f o r  t h e  r e m a in in g  7 l i n k a g e  
g ro u p s  were p o s s i b l e  and th e  r e s u l t s  i n d i c a t e d  t h a t  h e t  gene d i f f e r e n c e s  
be tw een  h - c  G1 and h - c  A were l o c a t e d  on l i n k a g e  g ro u p s  I I ,  I I I ,  V and 
V II  (T ab le  2 ) .
T ab le  2: The l o c a t i o n  o f  h e t  gene d i f f e r e n c e s  be tw een  
h - c  G1 and h - c  A.
L inkage  Group I I I I I I IV V VI V II V I I I
P r e s e n c e (+) o r
A b sen ce ( - )  o f  
h e t  gene 
d i f f e r e n c e s .
+ + + ? +
P r o t o p l a s t  f u s i o n  o f  s t r a i n  MSD w i th  s t r a i n s  106-2 and 43-5 
S t r a i n s  106-2 and 43-5  b o th  p o s s e s s  in d u ced  r e q u i r e m e n ts  f o r  p -am in o b en zo ic  
a c id  and a r e  members o f  h - c  g ro u p s  Q and E r e s p e c t i v e l y .  No i n f o r m a t io n  
was a v a i l a b l e  r e g a r d i n g  th e  number o f  h e t  gene d i f f e r e n c e s  be tw een  th e s e  
g ro u p s  and Glasgow s t r a i n s  so i t  was d e c id e d  to  u se  th e  chromosome a s s a y  
te c h n i q u e  a s  d e s c r i b e d  f o r  t h e  h - c  A /h -c  G1 f u s i o n .
In  b o th  c a s e s  p r o t o p l a s t  f u s i o n  l e d  d i r e c t l y  to  th e  r e c o v e r y  o f  c o l o n i e s  
s t a b l e  on co m p le te  medium, though  a s i n g l e  h e t e r o k a r y o t i c  co lo n y  was 
r e c o v e r e d  from  th e  Q/Gl f u s io n  which p ro v ed  im p o s s i b le  to  s u b c u l t u r e .  The 
more s t a b l e  c o l o n i e s  a l l  d e m o n s t ra te d  d r a s t i c a l l y  im p a ir e d  grow th b e in g  
m y c e l i a l ,  a c o n i d i a l  forms w i th  much o f  th e  h y p h a l  e x t e n s i o n  b e in g  th ro u g h
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th e  a g a r .  The Q/Gl c o l o n i e s  w ere p i n k i s h - o r a n g e  in  p ig m e n ta t i o n  w hereas  
w i th  E /G l two m o r p h o lo g ic a l  ty p e s  were r e c o v e r e d ,  one r e d  and t h e  o t h e r  
p ig m e n t l e s s  ( w h i t e ) .  The r e d  c o l o n i e s  were o f t e n  o b s e r v e d  to  s e c t o r  o u t  
a r e a s  o f  th e  w h i te  m y c e l i a l  m orp h o lo g y .  M arker s e g r e g a t i o n s  among 
p a r a s e x u a l  p ro g en y  sam ples  o b t a i n e d  from a l l  t h r e e  o f  t h e s e  m o rp h o lo g ic a l  
ty p e s  i n d i c a t e d  t h a t  t h e  r e d  c o l o n i e s  (E /G l)  w ere f u l l y  h e te r o z y g o u s  diplcids 
w h i l e  th e  w h i te  (E /G l)  and p i n k i s h - o r a n g e  (Q/Gl) c o l o n i e s  were reco m b in a n t  
d i p l o i d s  b e in g  homozygous f o r  l i n k a g e  group V I. Chromosome s u b s t i t u t i o n  
c o m p a t i b i l i t y  t e s t s  w ere  p e r fo rm e d  u s i n g  t h e s e  p ro g en y  sam ples  and s u i t a b l e  
p ro g en y  s t r a i n s  w ere  f u r t h e r  s e l e c t e d  i n  o r d e r  to  s e t  up s e x u a l  c r o s s e s .
The number o f  c o m p a t i b i l i t y  c l a s s e s  p r e s e n t  amongst th e  p ro g en y  o f  such 
c r o s s e s  would th e n  r e v e a l  how many h e t  gene d i f f e r e n c e s  were o p e r a t i v e  on 
e a c h  l i n k a g e  g ro u p .  A summary o f  t h e s e  r e s u l t s  i s  p r e s e n t e d  i n  T ab le  3 .
T ab le  3 :  The number and l o c a t i o n  o f  h e t  genes h e te r o z y g o u s  
w i t h i n  Q/Gl and E/Gl. d i p l o i d  s t r a i n s .
L in k age  Group I  I I  I I I  IV V VI V II  V I I I
Q/Gl P r e s e n c e (+ )o r  
A b s e n c e ( - ) o f  
h e t  gene d i f f e r e n c e s
Number o f  h e t  gene 
d i f f e r e n c e s
+ -  + ? +
0 0 2 0 1 1  1 0
E/G l P r e s e n c e ( + ) o r  Red d i p l o i d  - - + - + + - -
A b se n c e ( - )  o f
h e t  g e n e  W h i te  d i p l o i d  - - + - + ? - -
d i f f e r e n c e s
Number o f  h e t  gene
d i f f e r e n c e s  0 0 2 0 2 o r  3 1 0 0
I t  can  b e  s e e n  from T ab le  3 t h a t  s e x u a l  c r o s s i n g  d a t a  co n f i rm e d  th e  
p r e s e n c e  o f  a s i n g l e  h e t  gene d i f f e r e n c e  on l i n k a g e  group  VI i n  b o th  c a s e s .  
I t  would seem t h a t  h o m o zy g o s i ty  f o r  t h i s  chromosome w i t h i n  th e  Q/Gl d i p l o i d  
and th e  w h i te  E/Gl d i p l o i d  was s e l e c t e d  i n  r e s p o n s e  to  a s t r o n g  s e l e c t i o n  
p r e s s u r e  im p a r te d  by h e t e r o z y g o s i t y  o f  t h a t  l i n k a g e  g ro u p ,  p o s s i b l y  
a t t r i b u t a b l e  to  a l l e l i c  d i f f e r e n c e s  a t  t h e  h e t  l o c i .  The mechanisms by 
w hich t h i s  c o u ld  t a k e  p l a c e  c o u ld  w e l l  be m i t o t i c  r e c o m b in a t io n  o r  whole 
chromosome n o n - d i s j u n c t i o n  as p ro p o sed  f o r  t h e  norm al morphology s e c t o r s  
o f  t h e  B/Gl d i p l o i d .  Drawing i n f e r e n c e  from t h e s e  r e s u l t s ,  th e  r eco m b in an t  
n a t u r e  o f  th e  A/Gl d i p l o i d  m ig h t  w e l l  i n d i c a t e  th e  p r e s e n c e  o f  h e t  gene 
a c t i v i t y  on l i n k a g e  group VI, b u t  t h i s  h a s  y e t  to  be  shown. Work i s  
c u r r e n t l y  i n  p r o g r e s s  t o  c o n t i n u e  th e  s tu d y  o f  th e  A /G l, Q/Gl and E /G l h e t  
gene d i f f e r e n c e s .  As a r e s u l t  o f  s e x u a l  c r o s s e s  betw een  s e l e c t e d  p a ra s e x u a l  
p ro g en y  a  c o l l e c t i o n  o f  s t r a i n s  i s  b e in g  b u i l t  u p ,  a l l  o f  w h ich  d i f f e r  from 
Glasgow s t r a i n s  a t  s i n g l e  h e t  l o c i .  These s t r a i n s  w i l l  be  u s e f u l  f o r  th e  
i n v e s t i g a t i o n  o f  th e  i n t e r a c t i o n s  c au sed  by s i n g l e  h e t  gene a l l e l i c  
d i f f e r e n c e s ,  and f o r  f u r t h e r  g e n e t i c a l  a n a l y s i s  and a l s o  f o r  p o s s i b l e  
c h a r a c t e r i s a t i o n  o f  h e t  gene p r o d u c t s .
P r o t o p l a s t  f u s i o n  o f  a n  A . n i d u l a n s  G la sgow  s t r a i n  w i t h  a  s t r a i n  o f  
A. q u a d r i l i n e a t u s .
These two s p e c i e s  b e lo n g  to  th e  A. n i d u l a n s  group o f  s p e c i e s  (27) . I t
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w ould  b e  o f  i n t e r e s t  t o  i n v e s t i g a t e  w h e th e r  th e  p r o c e d u r e s  d e s c r i b e d  h e re  
f o r  s t u d y i n g  th e  h e t e r o k a r y o n  i n c o m p a t i b i l i t y  sy s te m  c o u ld  be a p p l i e d  to  an 
i n t e r s p e c i f i c  s i t u a t i o n .  F i r s t l y ,  i t  was n e c e s s a r y  to  a s c e r t a i n  w h e th e r  
h e t e r o k a r y o n s  o r  n u c l e a r  f u s i o n  h e t e r o p l o i d s  c o u ld  b e  o b t a i n e d  be tw een  
t h e s e  two s p e c i e s  and th e  two s t r a i n s  employed f o r  t h i s  i n i t i a l  f u s i o n  were 
o n ly  marked w i th  s i n g l e  a u x o t r o p h ic  r e q u i r e m e n t s :
A .n id u la n s  (G1) : — pabaA 6. A. q u a d r i l i n e a t u s y - 1 2 . 1  p y ro - 1 2 .1
C o lo n ie s  a p p e a re d  on th e  r e g e n e r a t i o n  p l a t e s ,  w hich  were t h i n  m y c e l i a l ,  
a c o n i d i a l ,  s e c t o r i n g  grow th c o l o n i e s  s e c r e t i n g  an i n t e n s e  r e d  p ig m e n t a t i o n .  
Both p a r e n t a l  ty p e s  c o u ld  b e  r e c o v e r e d  from th e s e  c o l o n i e s  i n  th e  ab sen ce  
o f  n u t r i t i o n a l  s e l e c t i o n ,  so th e y  would a p p e a r  to  be b a la n c e d  h e t e r o k a r y o n s  
formed b e tw een  th e  two s p e c i e s  from  w hich p a r t i a l  o r  f u l l y  h e t e r o p l o i d  
s t r a i n s  c o u ld  p o s s i b l y  be o b t a i n e d .  I n  t h i s  c o n te x t  one f u r t h e r  co lo n y  
ty p e ,  w hich  was o b ta i n e d  from  th e  r e g e n e r a t i o n  p l a t e s ,  b o re  a v e r y  s t r i k i n g  
re s e m b la n c e  to  chromosome I  d i s o m ie s  o f  A. n i d u l a n s  ( 2 8 ) .  A reas o f  norm al 
h a p l o i d  A. n i d u l a n s  m orphology  o f  b o th  g reen  and y e l lo w  c o n i d i a l  c o lo u r  
s e c t o r e d  o u t  from  th e s e  c o lo n y  c e n t r e s  . The y e l l o w - s p o r i n g  s e c t o r s  were 
a l l  found  t o  be p y r i d o x in e  r e q u i r i n g  and th e  g reen  s e c t o r s  were a l l  
p - a m in o b e n z o ic  a c i d  r e q u i r i n g .  F u r th e rm o re  th e  two ty p e s  o f  s e c t o r  were 
h e t e r o k a r y o n  c o m p a t ib le  w i th  each  o t h e r  fo rm in g  s t r i p e d  h ead s  r e a d i l y  
i n d i c a t i n g  t h a t  no h e t  g enes  d i f f e r e n c e s  were o p e r a t i n g  i n t e r s p e c i f i c a l l y  
f o r  chromosome I .  These r e s u l t s  s u g g e s t  t h a t  t h e  co lo n y  was a chromosome I 
d is o m ic  and i t  may w e l l  im ply  t h a t  t h e r e  i s  a g r e a t  d e a l  o f  s t r u c t u r a l  
homology f o r  t h i s  p a r t i c u l a r  chromosome be tw een  th e  two s p e c i e s .  However 
th e  p o s s i b i l i t y  o f  r e c o m b in a t io n a l  e v e n t s  such  as  m i t o t i c  r e c o m b in a t io n  
o c c u r r i n g  p r i o r  to  th e  fo r m a t io n  o f  t h i s  p a r t i a l  h e t e r o p l o i d  c o lo n y  c a n n o t  
be e x c lu d e d .  N e v e r t h e l e s s ,  i t  may w e l l  p ro v e  p o s s i b l e  t o  i n v e s t i g a t e  
i n t e r s p e c i f i c  chromosomal r e l a t i o n s h i p s  and i n t e r a c t i o n s  by th e  d i r e c t  
s e l e c t i o n  o f  p a r t i c u l a r  d is o m ic  s t r a i n s .
SUMMARY
The i n v e s t i g a t i o n s  d e s c r i b e d  h e r e  have i n d i c a t e d  s u c c e s s f u l  methods f o r  
s t u d y i n g  th e  h e te r o k a r y o n  i n c o m p a t i b i l i t y  sy s tem  o p e r a t i n g  w i t h i n  w i ld  
p o p u l a t i o n s  o f  A. n i d u l a n s . These have e n a b le d  h e t  genes to  be a s c r i b e d  to  
l i n k a g e  g ro u p s  f o l lo w in g  p a r a s e x u a l  a n a l y s i s  o f  B /G l,  A /G l, Q/Gl and E/Gl 
i n t e r - h - c  group d i p l o i d s  an d ,  i n  th e  Q/Gl and E/Gl s i t u a t i o n s ,  th e  number 
o f  h e t  gene d i f f e r e n c e s  p e r  chromosome h as  been a s c e r t a i n e d  by s e x u a l  
a n a l y s i s .  These methods combined p o s s i b l y  w i th  t h a t  o f  s e l e c t i n g  a n eu p lo id ,  
o r  p a r t i a l  h e t e r o p l o i d ,  s t r a i n s  may w e l l  be o f  use  f o r  s t u d y in g  th e  
r e g e n e r a t i o n  p r o d u c t s  o f  i n t e r s p e c i f i c  p r o t o p l a s t  f u s i o n s .  However, 
p ro b lem s  o f  genome i n s t a b i l i t y  have r e g u l a r l y  been  e n c o u n te r e d  w i t h i n  th e  
i n t e r - h - c  group d i p l o i d  s t r a i n s  o f  A. n i d u l a n s  and r e a c t i o n s  o f  t h i s  s o r t  
a r e  l i k e l y  to  b e  s i g n i f i c a n t  i n  i n t e r s p e c i f i c  s i t u a t i o n s .
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INTRODUCTION
In  f u n g i ,  t h e  t r a n s f e r  o f  a g e n e t i c a l l y  c o n t r o l l e d  c h a r a c t e r  from  i t s  
a s s o c i a t i o n  w i th  one n u c l e a r  b ack g ro u n d  to  a seco n d  n u c l e a r  b ack g ro u n d  
f o l l o w in g  th e  i n t e r v e n i n g  s t e p  o f  h e t e r o k a r y o s i s  h a s  lo n g  b een  c o n s i d e r e d  
as  e v id e n c e  f o r  t h e  e x t r a n u c l e a r  l o c a t i o n  o f  th e  g e n e t i c  d e t e r m i n a n t  o f  
t h a t  c h a r a c t e r  ( 1 , 2 ) .  The r e c e n t  r a p i d  d ev e lo p m en t  o f  th e  s tu d y  o f  
o r g a n e l l e  g e n e t i c s  h a s  r e s u l t e d  i n  many exam ples  o f  e x t r a n u c l e a r l y  
i n h e r i t e d  c h a r a c t e r s  f o r  w hich  t h e r e  i s  s t r o n g  e v id e n c e  t h a t  t h e i r  g e n e t i c  
d e t e r m i n a n t s  a r e  l o c a t e d  on th e  m i t o c h o n d r i a l  (m i t )  DNA. The t r a n s f e r  o f  
t h e s e  c h a r a c t e r s  i n  h e t e r o k a r y o n s  o r  i n  e x p e r im e n t s  w hich  a c h ie v e  
e s s e n t i a l l y  t h e  same r e s u l t  ( e . g .  i n  s e x u a l l y  p ro d u c e d  s t r a i n s  where th e  
c h a r a c t e r  shows m a t e r n a l  i n h e r i t a n c e ,  o r  i n  d i p l o i d  c lo n e s  a r i s i n g  from 
z y g o te s  a s  i n  y e a s t )  h a s  been  d e m o n s t r a t e d  ( s e e  r e f .  3 f o r  g e n e r a l  r e v i e w ) .
The r e c o m b in a t io n  o f  m i to c h o n d r i a l  g e n e t i c  m a rk e rs  was f i r s t  shown to  
o c c u r  i n  y e a s t  more th a n  t e n  y e a r s  ago (4) and s i n c e  th e n  i t  h a s  been 
d e m o n s t r a t e d  i n  A s p e r g i l l u s  n i d u l a n s  (5) and i n  P od o sp o ra  a n s e r i n a  ( 6 ) .
I n  y e a s t  a  c o n s i d e r a b l e  amount o f  i n f o r m a t io n  i s  now a v a i l a b l e  and a 
g e n e r a l  model f o r  t h e  r e c o m b in a t io n  and s e g r e g a t i o n  o f  m i to c h o n d r i a l  
genes h a s  been  p u b l i s h e d  ( 7 ) .  G e n e t i c  r e c o m b in a t io n  h a s  b een  shown to  
i n v o lv e  th e  p h y s i c a l  r e c o m b in a t io n  o f  mitDNA ( 8 ) .  The m i to c h o n d r i a l  
genome o f  y e a s t  i s  now th o u g h t  t o  c o n s i s t  o f  a number o f  r e l a t i v e l y  
G + C r i c h  g enes  and r e g u l a t o r y  s e q u e n c e s ,  w hich  make up a b o u t  50% o f  th e  
t o t a l  genome, and v e r y  A + T r i c h  i n t e r n a l l y  r e p e t i t i v e  s p a c e r  s eq u en ces  
( 9 , 1 0 ) .  D i f f e r e n c e s  i n  th e  p h y s i c a l  s t r u c t u r e  o f  th e  mitDNA o f  d i f f e r e n t  
w i ld  ty p e  s t r a i n s  h a s  been  r e p o r t e d  (1 1 ,1 2 )  a n d ,  u s i n g  r e s t r i c t i o n  
e n d o n u c le a s e  f rag m en t  a n a l y s i s ,  th e  f r e q u e n t  o c c u r r e n c e  o f  n o n - p a r e n t a l  
r e s t r i c t i o n  f r a g m e n ts  i n  th e  mitDNA o f  t h e  p ro g en y  o f  a c r o s s  be tw een  two 
such  w i ld  ty p e  s t r a i n s  i n d i c a t e s  th e  h ig h  f r e q u e n c y  w i th  w hich 
m i t o c h o n d r i a l  r e c o m b in a t io n  t a k e s  p l a c e  ( 1 3 ) .  The s t r a i n  s p e c i f i c  
d i f f e r e n c e s  i n  th e  mitDNA a p p e a r  to  be due t o  i n s e r t i o n s  o r  d e l e t i o n s  in  
th e  A + T r i c h  s p a c e r s  and i t  h a s  been  s u g g e s te d  t h a t  th e  new r e s t r i c t i o n  
e n d o n u c le a s e  f r a g m e n ts  a r i s e  a s  a r e s u l t  o f  u n eq u a l  c r o s s i n g  o v e r  in  
th e s e  s p a c e r s  ( 1 1 , 1 3 ) .  I n  a d d i t i o n ,  r e c o m b in a t io n  r e s u l t i n g  from a 
p r o c e s s  o f  gene c o n v e r s io n  a t  s i t e s  i n v o l v i n g  i n s e r t i o n s  and d e l e t i o n s  
h a s  been  p ro p o s e d  f o r  th e  m and th e  v a r i  l o c i  (7 ,  14, 15, 16 ) .
Though o u r  u n d e r s t a n d i n g  o f  th e  m i to c h o n d r i a l  g e n e t i c  sy s tem  o f  y e a s t
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g r e a t l y  e x c e e d s  t h a t  o f  any o t h e r  s p e c i e s ,  c o n s i d e r a b l e  ad v an ces  i n  th e  
s tu d y  o f  m i to c h o n d r i a l  g e n e t i c s  i n  A s p e r g i l l u s  n i d u l a n s  have  been  made. 
T hree  p h e n o ty p i c  c l a s s e s  o f  e x t r a n u c l e a r  m u t a t i o n s  have  been  s t u d i e d :  
o l ig o m y c in  r e s i s t a n c e  ( 1 7 ) ,  c h lo r a m p h e n ic o l  r e s i s t a n c e  (18) and c o ld  
s e n s i t i v i t y  (1 9 ) .  A f o u r t h  c l a s s ,  p a r t i a l  s u p p r e s s i o n  o f  c o ld  
s e n s i t i v i t y ,  h a s  been  d e s c r i b e d  r e c e n t l y  ( 2 0 ) .  The g e n e t i c  l i n k a g e  o f  
t h e s e  m u t a t i o n s  (2 0 ,  2 1 ,  22) and t h e i r  e f f e c t s  on m i to c h o n d r i a l  f u n c t i o n s  
i n d i c a t e  t h a t  a l l  a r e  l o c a t e d  on a  s i n g l e  e x t r a n u c l e a r  g e n e t i c  e le m e n t ,  
p re su m ab ly  th e  mitDNA.
A p h y s i c a l  map o f  A. n i d u l a n s  mitDNA h as  been  p ro d u ced  by th e  a n a l y s i s  
o f  r e s t r i c t i o n  e n d o n u c le a s e  f r a g m e n ts  (23) . The f r a g m e n t  p a t t e r n s  
p ro d u ced  by r e s t r i c t i o n  enzym es, f o r  example H i n d l l l ,  H a e l l l ,  and 
EcoRI, from th e  mitDNA o f  t h r e e  in d e p e n d e n t  g e n e t i c a l l y  u n r e l a t e d  
i s o l a t e s  o f  A. n i d u l a n s , t h a t  i s  one from e a c h  o f  t h r e e  h e te r o k a r y o n  
c o m p a t i b i l i t y  g ro u p s  (2 4 ) ,  a r e  i n d i s t i n g u i s h a b l e  from  e a c h  o t h e r ,  
s u g g e s t i n g  t h a t  th e  mitDNA o f  t h i s  s p e c i e s  i s  s t r u c t u r a l l y  homogenous 
(T u rn e r ,  u n p u b l i s h e d  r e s u l t s ) . T h is  sh o u ld  b e  co n f i rm e d  by th e  use  o f  
o t h e r  enzymes and t h e  a n a l y s i s  o f  o t h e r  s t r a i n s .  However, when a  s i m i l a r  
a n a l y s i s  i s  c a r r i e d  o u t  on th e  mitDNA o f  th e  d i s t i n c t  b u t  t a x o n o m ic a l ly  
r e l a t e d  s p e c i e s  A. q u a d r i l i n e a t u s  and A. n i d u l a n s  v a r .  e c h i n u l a t u s  ( 2 5 ) ,  
d i f f e r e n c e s  in  th e  p a t t e r n  o f  r e s t r i c t i o n  f r a g m e n ts  a r e  th e n  s een  ( T u rn e r ,  
E a r l  and L a z a r u s ,  u n p u b l i s h e d  r e s u l t s ) .  I t  would be o f  i n t e r e s t  f o r  
s t u d i e s  o f  m i to c h o n d r i a l  r e c o m b in a t io n ,  m i t o c h o n d r i a l  genome o r g a n i s a t i o n ,  
n u c l e a r - m i t o c h o n d r i a l  i n t e r a c t i o n s  and m i to c h o n d r i a l  genome e v o l u t i o n  to  
be a b l e  t o  p ro d u c e  h e te r o p la s m o n s  be tw een  t h e s e  s p e c i e s ,  th u s  a l l o w i n g  
th e  d i f f e r e n t  m i to c h o n d r i a l  genomes and n u c l e a r  b ack g ro u n d s  to  i n t e r a c t .
D i r e c t  t r a n s f e r  o f  m i to c h o n d r ia  by m i c r o i n j e c t i o n  h a s  b een  c a r r i e d  o u t  in  
N eu ro sp o ra  c r a s s a  (26) b u t  i t  i s  u n l i k e l y  t h a t  t h i s  te c h n iq u e  would be o f  
any g e n e r a l  a p p l i c a b i l i t y  i n  A s p e r g i l l u s .  A lso ,  i n  A s p e r g i l l u s ,  th e  
t r a n s f e r  o f  c y to p l a s m ic  m ark e rs  from  one s t r a i n  to  a n o t h e r  by way o f  
h e t e r o k a r y o s i s  i s  p r e v e n t e d  o r  s e v e r e l y  r e s t r i c t e d  by th e  h e t e r o k a r y o n  
i n c o m p a t i b i l i t y  sy s te m  ( 2 7 ) .  In  th e  y e a s t s ,  Saccharom yces c e r e v i s i a e  
and K luyverom yces l a c t i s ,  th e  t r a n s f e r  o f  m i to c h o n d r i a  from  one s t r a i n  to  
a n o th e r  by p r o t o p l a s t  f u s i o n  (28 ,  29) and th e  d i r e c t  f u s io n  o f  i s o l a t e d  
m i to c h o n d r ia  w i th  p r o t o p l a s t s  i n  S. c e r e v i s i a e  (30) have  r e c e n t l y  b een  
r e p o r t e d .  I n  t h i s  p a p e r  th e  t r a n s f e r  o f  m i to c h o n d r i a l  g enes  be tw een  
h e te r o k a r y o n  in c o m p a t i b l e  s t r a i n s  o f  A. n i d u l a n s  and be tw een  d i f f e r e n t  
s p e c i e s  o f  A s p e r g i l l u s  by th e  use  o f  p r o t o p l a s t  f u s i o n  i s  d e s c r i b e d .  
E v id en ce  f o r  th e  g e n e t i c  and p h y s i c a l  r e c o m b in a t io n  o f  th e  m i to c h o n d r i a l  
genomes o f  d i f f e r e n t  s p e c i e s  i s  a l s o  p r e s e n t e d .
MATERIALS AND METHODS
The g e n e r a l  c u l t u r e  methods u sed  were b a s e d  on th o s e  g iv e n  in  r e f e r e n c e  31 
and f o r  th e  c u l t u r e  and c r o s s i n g  o f  th e  a n t i b i o t i c  r e s i s t a n t  s t r a i n s  see  
r e f e r e n c e s  5 ,  17, 18 and 21. The m ethods f o r  l y t i c  enzyme p r e p a r a t i o n  and 
p r o t o p l a s t  i s o l a t i o n  and f u s io n  were s l i g h t  m o d i f i c a t i o n s  (32) o f  th o s e  
g iv e n  i n  r e f e r e n c e s  33, 34, 35 and 36 . The methods o f  e x t r a c t i o n  and 
p u r i f i c a t i o n  o f  mitDNA, i t s  t r e a t m e n t  w i th  r e s t r i c t i o n  e n d o n u c le a s e s  and 
a g a ro s e  g e l  e l e c t r o p h o r e s i s  were b a s e d  on th o s e  o f  S tg p ie n  e t  a l  ( 2 3 ) .  
D e t a i l e d  d e s c r i p t i o n s  o f  th e  e x p e r im e n t s  w i l l  be  p u b l i s h e d  e l s e w h e r e .  The 
s t r a i n s  were a s  fo l lo w s :
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A. n i d u l a n s  -  m u ta n t  d e r i v a t i v e s  o f  Glasgow s t r a i n s  (NRRL 194):
7 -2 8 ,  pyroA5 7 -2 9 ,  pabaA6 7 -4 8 ,  b i A l ; A c rA l , wA3; nicCIO
7 -1 6 1 ,  wA3; pyroA 4; ( camAl12) 7 -1 6 3 ,  pyroA5 (o l i A l )
7 -1 7 2 ,  p a b a A l , yA2; blA4 ( camAl12) 7 -1 7 8 ,  pabaA6 (o l i A l )
See r e f e r e n c e  31 f o r  th e  d e s i g n a t i o n  o f  th e  m u tan t  a l l e l e s .  A l l  o f  t h e s e  
s t r a i n s  c a r r y  th e  h e tA l and h e tB l  h e t e r o k a r y o n  i n c o m p a t i b i l i t y  a l l e l e s .
A. n i d u l a n s  -  p ro g en y  o f  i n t e r - i s o l a t e  c r o s s ,  Glasgow x Birmingham 
i s o l a t e  1:
J C .1 2 - 8 ,  pabaA6, yA2; h e tA 2 ; h e tB l  
J C . 12-59 , pabaA6, yA2; h e t A l ; hetB2
A. q u a d r i l i n e a t u s  -  M utan t d e r i v a t i v e s  o f  Birmingham i s o l a t e  12:
12-15 , y - 12■1, p y r o - 1 2 , 1 12-22 , y - 1 2 .1 , p y r o - 1 2 . 1 (o l i - 1 2 . 7 )
12-39 , n i e - 12.1 (o l i - 1 2 . 7 )
A. n i d u l a n s  v a r .  e c h i n u l a t u s  -  M utan t d e r i v a t i v e  o f  Birmingham i s o l a t e  25: 
2 5 -2 ,  y - 2 5 .2
I n t e r s p e c i f i c  m i t o c h o n d r i a l  t r a n s f e r s  o r  r e c o m b in a n t s :
R D .I1 -1 ,  y - 1 2 .1 ,  p y r o - 12.1 (o l i A l ) See T ab le  1( i )
J C . 16-10 , pabaA6 (o l i - 1 2 . 7 ) See T ab le  1( i i )
JC. J 7 -5 ,  y - 2 5 .2  (o l i A l ) See T a b le  1( i i i )
J C .1 9 - 1 ,  p a b a A l , yA2; blA4 (o l i - 1 2 . 7 , camAl12) See r e s u l t s  s e c t i o n .
RESULTS
T r a n s f e r  o f  m i to c h o n d r i a l  m a rk e rs  be tw een  h e t e r o k a r y o n  in c o m p a t i b le  s t r a i n s  
o f  A. n i d u l a n s .
P r e l i m i n a r y  p r o t o p l a s t  f u s i o n  e x p e r im e n t s  were c a r r i e d  o u t  be tw een  an 
o l ig o m y c in  r e s i s t a n t  s t r a i n  o f  Glasgow o r i g i n ,  7 -1 6 3 ,  and o l ig o m y c in  
s e n s i t i v e  s t r a i n s  w hich  d i f f e r e d  from th e  Glasgow s t r a i n  e i t h e r  a t  th e  
h e tA  g e n e ,  J C .1 2 - 8 ,  o r  a t  t h e  he tB  g en e ,  J C . 12-59 .  (F or  a  d i s c u s s i o n  o f  
h e t e r o k a r y o n  i n c o m p a t i b i l i t y  s ee  D a les  and C r o f t ,  t h i s  v o lu m e ) . D i l u t i o n s  
o f  t h e  fu s e d  p r o t o p l a s t  s u s p e n s io n s  were p l a t e d  on m inim al medium and 
h e t e r o k a r y o n s  t y p i c a l  f o r  he tA  and he tB  h e t e r o z y g o s i t y  r e s p e c t i v e l y  were 
r e c o v e r e d  (24 ,  3 7 ) .  C o n id i a l  s u s p e n s io n s  were o b ta i n e d  from th e s e  
h e t e r o k a r y o n s  and p l a t e d  on medium c o n t a i n i n g  p -a m in o b e n z o ic  a c i d  and 
o l ig o m y c in  and y e l lo w  s p o r e d ,  p -a m in o b e n z o ic  a c i d  r e q u i r i n g  s t r a i n s ,  now 
r e s i s t a n t  to  o l ig o m y c in  w ere  r e c o v e r e d .
I n t e r s p e c i f i c  t r a n s f e r  o f  m i to c h o n d r i a l  m a rk e rs
I n t e r s p e c i f i c  p r o t o p l a s t  f u s i o n  e x p e r im e n t s  do n o t  a lw ays  p ro d u ce  s t a b l e  
h e t e r o k a r y o n s  as  t h e  p r im a r y  s e l e c t e d  f u s i o n  p r o d u c t .  T h e r e f o r e ,  i n  t h e s e  
e x p e r i m e n t s ,  s e l e c t i o n  f o r  th e  r e q u i r e d  g en o ty p e  r e s u l t i n g  from  th e  
t r a n s f e r  o f  t h e  c y to p l a s m ic  m arker  was c a r r i e d  o u t  d i r e c t l y  on th e  fu s e d  
p r o t o p l a s t s .  The e x p e r im e n t s  p e r fo rm e d  a r e  l i s t e d  i n  T ab le  1 ( a ) .  Also 
l i s t e d  i n  T ab le  1(b) a r e  two e x p e r im e n t s  where (o l i A l ) h a s  b een  t r a n s f e r r e d  
from  A. n i d u l a n s  to  a n o t h e r  s p e c i e s  and th e n  t r a n s f e r r e d  back  to
7 87
A. n id u l a n s  a g a i n .  The f r e q u e n c y  w i th  v  - cl 
m i to c h o n d r i a l  m arker to o k  p l a c e  was v a r ia -1' 1-, 
a b o u t  5% i n  term s o f  th e  number o f  s e l e c :  
which r e g e n e r a t e d  p e r  t o t a l  number o :  t 
n u c l e a r  gen o ty p e  which r e g e n e r a t e d  in
T ab le I T r a n s f e r  and r e - t r a ’
d i f f e r e n t  s p e c i e s  o f  Asper
C R 0 P 1  E T  A
STRAINS SELi TIG - MED ‘ M
(a) T r a n s f e r s :
( i ) 7-178  + 12-13 p y r i d o x in e  and 
o l ig o m y c in
( i i ) 12-22 + 7-29 p -a m in o b e n z o ic  : 
and o l ig o m y c in
( i i i ) 7-178 + 23-2 o l ig o m y c in
(b) R e - t r a n s f e r s :
( i v )  R D .P . - l  + 7-29
(v) J C . 17-5 + 7-48
p -a m in o b en zo ic  a c id  
and o l ig o m y c in
b i o t i n ,  n i c o t i n i c  ac i  
a c r i f l a v i n e  and 
o l ig o m y c in
qua ‘ e l l  m e  t  s t  -
I n t e r s p e c i f i c  r e c o m b in a t io n  o f  mi ’■0 . : cr. :: 1
In  th e  f i r s t  e x p e r im e n t  a n i c o t i n  - a re-;- 
A. q u a d r i l i n e a t u s  c a r r y i n g  th e  (ol I - 1 2 ,7 ) : - 'hon r.
fu s e d  w i th  a  y e l lo w  s p o r e d ,  p -am in o b tu z  i c c .
A. n id u l a n s  c a r r y i n g  th e  ( camAl12) m i to c h o n d i : . i - 
p r o t o p l a s t s  were p l a t e d  on s e l e c t i o n  media 
ch lo ra m p h e n ic o l  and e i t h e r  n i c o t i n i a i  - r - are 
to  s e l e c t  th e  reco m b in a n t  m i to c h o n d r ia  - no' 
b ack g ro u n d .  One such s t r a i n ,  J C .1 9 -1 ,
n u c l e a r  g eno type  o f  7 -172 .  S t r a i n  JC .1 9 -1  i s  f u l l y  hete 
w i th  th e  Glasgow s t r a i n s  and i t  was p u t  i n t o  s he :
C o n id ia  from t h i s  h e t e r o k a r y o n  were p l a t e d  on media
and e i t h e r  s i n g l e  a n t i b i o t i c .  Upon t e s t i n g ,  a l l  3? • -c
p y r id o x in e  r e q u i r i n g  c o l o n i e s  i s o l a t e d  from th e  o l ig o m y c in  medium a
th e  32 i s o l a t e d  from th e  c h lo ra m p h e n ic o l  medium were foi
t o  b o th  a n t i b i o t i c s ,  s t r o n g l y  s u g g e s t i n g  t h a t  b o th  r e s -
l o c a t e d  on a s i n g l e  g e n e t i c  e l e m e n t .  The i s o l a t e d  from
c h lo ra m p h e n ic o l  medium was r e s i s t a n t  to  c h lo ra m p h e n ic o l  o n ly  a
p resu m ab ly  r e p r e s e n t s  a f u r t h e r  r e c o m b in a t io n  e v e n t  o r  p o s s i b l y
sp o n ta n e o u s  m u ta t io n  a r i s i n g  in  7 -28 .
In  th e  second  e x p e r im e n t  J C . 16-10 , an A. n id u l a n s  s t r a i n  to  which 
A. q u a d r i l i n e a t u s  m i to c h o n d r i a l  m u ta t io n  (o l j - 1 2 . ed by
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p r o t o p l a s t  f u s i o n ,  was p u t  i n t o  a  h e t e r o k a r y o n  w i th  7 -1 6 1 .  C o n id ia  from 
t h i s  h e t e r o k a r y o n  were p l a t e d  o n to  medium c o n t a i n i n g  p y r i d o x i n e ,  
p - a m in o b e n z o ic  a c i d ,  o l ig o m y c in  and c h lo r a m p h e n ic o l .  Many w e l l  c o n i d i a t i n g  
c o l o n i e s  grew on t h i s  medium i n  a d d i t i o n  to  a b ackground  o f  n o n - c o n i d i a t i n g  
c o l o n i e s .  A sam ple o f  32 w h i te  sp o re d  and 24 g re e n  sp o red  c o l o n i e s  was 
t a k e n  and t e s t e d .  Of th e  32 w h i te  sp o re d  c o l o n i e s  a l l  had  th e  7-161 
n u c l e a r  gen o ty p e  and 26 were r e s i s t a n t  to  b o th  a n t i b i o t i c s .  The o t h e r  6 
were ch lo ra m p h e n ic o l  r e s i s t a n t  o n ly  and t h e r e f o r e  r e p r e s e n t  th e  7-161 
p a r e n t a l  t y p e .  Of th e  24 g re e n  sp o re d  c o l o n i e s  a l l  had t h e  J C . 16-10 
n u c l e a r  g en o ty p e  and 17 were r e s i s t a n t  to  b o th  a n t i b i o t i c s .  The rem a in in g  
7 w ere r e s i s t a n t  t o  c h lo ra m p h e n ic o l  o n ly  and r e p r e s e n t  a  m i to c h o n d r i a l  
t r a n s f e r  t y p e .  The background  o f  n o n - s p o r u l a t i n g  c o lo n i e s  p ro v ed  to  be 
r e s i s t a n t  to  o l ig o m y c in  o n ly  and to  r e p r e s e n t  th e  J C . 16-10 p a r e n t a l  type  
and th e  7-161 m i to c h o n d r i a l  t r a n s f e r  ty p e  i n  a b o u t  eq u a l  p r o p o r t i o n s .
F u l l y  s e l e c t i v e  p ro c e d u r e s  w ere u sed  h e r e  to  o b t a i n  th e  d o ub ly  r e s i s t a n t  
r e c o m b in a n t  c l a s s  and t h i s  o c c u r r e d  a t  a  f r e q u e n c y  o f  a b o u t  10 ^ among 
th e  t o t a l  c o n i d i a  p l a t e d .  In  A s p e r g i l l u s  th e  f r e q u e n c y  o f  r e c o m b in a t io n  
o f  m i to c h o n d r i a l  genes h a s  been  e x p r e s s e d  in  te rm s o f  th e  r a t i o  o f  th e  
number o f  r e c o m b in a n t s  t o  th e  number o f  i n d i v i d u a l s  showing r e a s s o r t m e n t  
be tw een  n u c l e a r  and c y to p la s m ic  m ark e rs  ( 5 ) .  In  th e  p r e s e n t  e x p e r im e n t ,  
i f  i t  i s  assumed t h a t  h a l f  o f  th e  n o n - c o n i d i a t i n g  b ackground  c o lo n i e s  
r e p r e s e n t  one o f  th e  two r e a s s o r t e d  ty p e s  and t h a t  th e s e  two ty p e s  a c t u a l l y  
o c c u r  i n  e q u a l  p r o p o r t i o n s ,  th en  th e  doub ly  r e s i s t a n t  re c o m b in a n ts  o c c u r r e d  
w i t h  a f r e q u e n c y  o f  a b o u t  2.5% among a l l  c o n i d i a l  p rogeny  showing 
r e a s s o r t e d  p h e n o ty p e s .  T h is  i s  low compared w i th  th e  r e s u l t s  o f  Rowlands 
and T u rn e r  f o r  r e c o m b in a t io n  betw een  ( o l i A l )  and ( camAl12) i n  A. n id u l a n s  
(21) and sh o u ld  n o t  be ta k e n  as  i n d i c a t i n g  c lo s e  l i n k a g e  o f  ( o l i - 1 2 . 7 )  
and ( camAl12) .  E x p e r im e n ts  s p e c i f i c a l l y  d e s ig n e d  t o  e s t i m a t e  th e  f r e q u e n c y  
o f  r e c o m b in a t io n  be tw een  (o l i - 1 2 .7 ) and ( camAl12) and to  t e s t  f o r  th e  
a l l e l i s m  o f  (o l i A l ) and (o l i - 1 2 . 7 ) have n o t  y e t  b een  p e r fo rm e d .
P h y s i c a l  r e c o m b in a t io n  o f  th e  m i to c h o n d r i a l  genome
The a n a l y s i s  o f  th e  r e s t r i c t i o n  e n d o n u c le a se  f r a g m e n ts  p ro d u ced  by th e  
d i g e s t i o n  o f  mitDNA from s t r a i n s  o f  A. n i d u l a n s , A. q u a d r i l i n e a t u s  and 
A, n i d u l a n s  v a r .  e c h i n u l a t u s  w i th  a r an g e  o f  enzymes, p a r t i c u l a r l y  
H i n d l I I ,  H a e l l l ,  Hhal and EcoRI, shows t h e r e  to  be  a c o n s i d e r a b l e  degred  
o r  r e l a t i o n s h i p  be tw een  th e  t h r e e  s p e c i e s  b u t  a l s o  r e v e a l s  a number o f  
d i f f e r e n c e s  betw een  them. The t o t a l  m o l e c u la r  w e ig h t s  f o r  th e  mitDNA 
o f  t h e  t h r e e  s p e c i e s ,  a s  e s t i m a t e d  by th e  use  o f  s t a n d a r d  DNA o f  known 
m o l e c u la r  w e ig h t ,  a r e  a b o u t  2 0 . 5 ,  19.5 and 2 3 .5  m i l l i o n  d a l t o n s  
r e s p e c t i v e l y .  Though th e  a n a l y s i s  o f  th e  mitDNA o f  th e  g e n e t i c  
re c o m b in a n t s  h a s  n o t  been  c a r r i e d  o u t ,  a  number o f  s t r a i n s  r e s u l t i n g  
from th e  i n t e r s p e c i f i c  t r a n s f e r  o f  m i to c h o n d r i a l  genes have been  exam ined . 
These a r e  RD.1 1 —1 (A. n i d u l a n s  (o l i A l ) t r a n s f e r r e d  to  A. q u a d r i l i n e a t u s
n u c l e a r  b a c k g ro u n d ) ,  J C . 16-10 (A. q u a d r i l i n e a t u s  (o l i - 1 2 . 7 ) t r a n s f e r r e d  
to  A. n i d u l a n s  n u c l e a r  b ackground)  and JC .1 7 -5  (A ,n id u la n s  (o l i A l ) 
t r a n s f e r r e d  to  v a r .  e c h i n u l a t u s  n u c l e a r  b a c k g ro u n d ) . In  th e  c a se  o f  
RD.11—1 th e  mitDNA was i n d i s t i n g u i s h a b l e  from  t h a t  o f  A. n id u l a n s  and th e  
t r a n s f e r  o f  th e  whole m i to c h o n d r i a l  genome i s  a s u f f i c i e n t  e x p l a n a t i o n  
f o r  th e  o r i g i n  o f  t h i s  s t r a i n .  However, th e  mitDNA b o th  o f  J C . 16-10 and 
o f  JC .1 7 -5  show n o n - p a r e n t a l  f r a g m e n t  p a t t e r n s .  A second  s t r a i n  o f  each  
o f  t h e s e  c l a s s e s  o f  t r a n s f e r  h a s  r e c e n t l y  been  examined and ,  a g a i n ,  b o th  
show n o n - p a r e n t a l ,  b u t  d i f f e r e n t ,  p a t t e r n s .  The mitDNA o f  JC .1 7 -5  has 
been  a n a ly s e d  i n  th e  g r e a t e s t  d e t a i l  so f a r  (F ig  1 ) .  I t  has  a m o le c u la r  
w e ig h t  o f  a b o u t  2 1 .8  m i l l i o n  d a l t o n s ,  i n t e r m e d i a t e  be tw een  t h a t  o f  b o th
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( a ) (b). (c)
origin
F i g . l .  B anding p a t t e r n s  p ro d u ced  by th e  e l e c t r o p h o r e s i s  o f  
H i n d l l l  d i g e s t s  o f  mitDNA o f  (a )  A. n i d u l a n s , (c )  A. n id u l a n s  
v a r .  e c h i n u l a t u s , and (b) a h y b r i d  o f  t h e s e  two s p e c i e s .
p a r e n t s ,  and i t s  o r i g i n  can t e n t a t i v e l y ,  and most s im p ly ,  be  e x p la i n e d  by 
r e c o m b in a t io n a l  e v e n t s  a t  two r e g i o n s  r e s u l t i n g  i n  a genome d e r i v e d  ab o u t  
e q u a l l y  from b o th  p a r e n t s .
COMMENTS
These e x p e r im e n t s  d e m o n s t r a t e  t h a t  th e  t e c h n iq u e  o f  p r o t o p l a s t  f u s io n  
f a c i l i t a t e s  t h e  t r a n s f e r  o f  m i to c h o n d r i a l  genomes be tw een  ta x o n o m ic a l ly  
r e l a t e d ,  b u t  q u i t e  d i s t i n c t ,  s p e c i e s  o f  A s p e r g i l l u s .  The a p p a r e n t  l a c k  o f  
v a r i a t i o n  i n  th e  p h y s i c a l  s t r u c t u r e  o f  th e  m i to c h o n d r i a l  genome o f  
A. n i d u l a n s , t o g e t h e r  w i th  th e  low number o f  m u ta n t  m i to c h o n d r i a l  l o c i ,  
make th e  r e l a t i v e  e a s e  w i th  w hich  th e  s t r u c t u r a l l y  d i f f e r e n t  m i to c h o n d r i a l  
genomes o f  th e  t h r e e  s p e c i e s  can b e  b r o u g h t  t o g e t h e r  t o  i n t e r a c t  
g e n e t i c a l l y  o f  some im p o r tan ce  f o r  t h e  s tu d y  o f  o r g a n e l l e  g e n e t i c s  i n  t h i s  
g en u s .  Recombinant m i to c h o n d r i a l  genomes a r e  p ro d u c e d  w i th o u t  t h e i r  d i r e c t  
s e l e c t i o n  m e re ly  by th e  s e l e c t i o n  f o r  t h e  t r a n s f e r  o f  a  s i n g l e  m arker  from 
one s p e c i e s  to  th e  o t h e r ,  and t h i s  o c c u r s  a p p a r e n t l y  w i th  a  h ig h  f r e q u e n c y .  
I t  i s  o f  i n t e r e s t  t o  n o te  t h a t  t h i s  to o k  p l a c e  o n ly  i n  th o s e  c a s e s  where 
th e  s m a l l e r  m i to c h o n d r i a l  genome was b e in g  s e l e c t e d  f o r  t r a n s f e r  to  th e  
s p e c i e s  w h ich  n o rm a l ly  c o n t a i n s  a l a r g e r  genome. In  th e  one c a se  where 
th e  r e v e r s e  was a t t e m p te d  i t  ap p e a re d  t h a t  t h e  whole m i to c h o n d r i a l  genome 
was t r a n s f e r r e d  u n reco m b in ed ,  b u t  th e  s i g n i f i c a n c e  o f  t h i s  r e q u i r e s  
f u r t h e r  i n v e s t i g a t i o n .  In  th e  Paramecium a u r e l i a  group o f  s p e c i e s ,  where 
i n t e r s p e c i f i c  t r a n s f e r  o f  m i to c h o n d r i a  h a s  been  a c h ie v e d  by m i c r o i n j e c t i o n ,  
t h e r e  was e v id e n c e  o f  i n c o m p a t i b i l i t y  b e tw een  some c o m b in a t io n s  o f  
m i to c h o n d r i a l  genome and n u c l e a r  b ack g ro u n d  (3 8 ) .  The a u t h o r s  s u g g e s te d  a 
number o f  e x p l a n a t i o n s  f o r  t h i s  o b s e r v a t i o n ,  one o f  w hich  was th e  l a c k  o f  
m i to c h o n d r i a l  r e c o m b in a t io n  i n  th o s e  s p e c i e s .  I t  may w e l l  be  t h a t  t h e  l a c k  
o f  such i n c o m p a t i b i l i t y  i n  A s p e r g i l l u s  i s  due t o  th e  a p p a r e n t  e a s e  w i th  
w hich  m i to c h o n d r i a l  r e c o m b in a t io n  t a k e s  p l a c e .
SUMMARY
P r o t o p l a s t  f u s i o n  h a s  been  u sed  t o  t r a n s f e r  a n t i b i o t i c  r e s i s t a n t  
m i to c h o n d r i a l  m a rk e rs  be tw een  h e te r o k a r y o n  in c o m p a t ib le  s t r a i n s  o f  
A. n id u l a n s  and be tw een  d i f f e r e n t  s p e c i e s  o f  A s p e r g i l l u s  and a l s o  to  b r i n g
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a b o u t  g e n e t i c  r e c o m b in a t io n  b e tw een  p a i r s  o f  a n t i b i o t i c  r e s i s t a n t  
m i t o c h o n d r i a l  m a rk e rs  d e r i v e d  from  d i f f e r e n t  s p e c i e s .  The p h y s i c a l  
r e c o m b in a t io n  o f  mitBNA from  d i f f e r e n t  s p e c i e s  h a s  b een  d e m o n s t r a t e d  by 
th e  a n a l y s i s  o f  r e s t r i c t i o n  e n d o n u c le a s e  f r a g m e n t s .
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Summary
i u f i c i o n t  d i p l o i d s  o f  K . l a c t i s  can be i s o l a t e d  by p r o t o ­
p l a s t  f u s io n  b e i .  c r o t h a l l i c  h a p l o i d  s t r a i n s  o f  l i k e  m a t in g - ty p e .
s t a b l e  d i p l o i d s  by p r o t o p l a s t  f u s i o n  p r o v i d e s  a means o f
o f  u n s t a b l e  d i p l o i d y  in  t h i s  y e a s t  s p e c i e s .  The p o s ­
s i b i l i t y  o f  u s i n g  p r o t o p l a s t  f u s io n  t o  s tu d y  m i to c h o n d r i a l  i n h e r i t a n c e  i n  
K . l a c t i s  h a s  been  i n v e s t i g a t e d .
I n t r o d u c t i o n
In  1 1 t h e  p e t i t e - n e g a t i v e  y e a s t ,  Kluyveromyces
l a c t i s , m a t in g  t a k e s  p l a c e  o n ly  be tw een  c e l l s  o f  o p p o s i t e  m a t in g - ty p e s
t a t  a r e  h e te r o z y g o u s  (a/®) f o r  m a t i n g - t y p e . These 
d i p l o i d s  a r e ,  hoi u n s t a b l e  and w i l l  e v e n t u a l l y  s p o r u l a t e  on any medium.
U n s ta b le  d i p l o i d y  i s  m ost e v i d e n t  i n  m a t in g - p r o d u c t s  d e r i v e d  from c r o s s e s  
be tw een  p e t i t e s  and w i l d - t y p e  c e l l s  o f  K . l a c t i s  such  t h a t ,  i n  c e r t a i n  
s t r a i n  c u n b i n a t i o n s , o n ly  h a p l o i d  re c o m b in a n t s  a r e  r e c o v e r e d  (2 ) .
By p r o t o p l a s t  f u s io n  be tw een  h e t e r o t h a l l i c  s t r a i n s  o f  l i k e  m a t in g -  
ty p e ,  i t  h a s  been p o s s i b l e  t o  i s o l a t e  s t a b l e  h y b r i d s  t h a t  a r e  s p o r u l a t i o n -  
d e f i c i e n t  ( 3 ) .  The p r o t o p l a s t  f u s io n  t e c h n iq u e  has  been  a p p l i e d  t o  b o th  
w i l d - t y p e  (p +) and p e t i t e  (p ) c e l l s .  Compared t o  h a p l o i d  p a r e n t a l s ,
: d i p l o i d  s i z e  and c a r r y  a p p ro x im a te ly  tw ic e  
t h e  DNA c o n t e n t .  N u c le a r  s t a i n i n g  r e v e a l s  t h e  p r e s e n c e  o f  o n ly  one n u c leu s  
p e r  h y b r i d  c e l l  ( 4 ) .  I n  a d d i t i o n ,  a  sm a l l  p r o p o r t i o n  o f  h a p l o i d  reco m b in ­
a n t s  a r e  i s o l a t e d .
S p o r u l a t i o n - c o m p e t e n t  h y b r i d s  have been  c o n s t r u c t e d  by p r o t o p l a s t  
f u s i o n  be tw een  h o m o t h a l l i c  s t r a i n s  o f  K . l a c t i s  ( 4 ) .  These " h o m o th a l l i c  
h y b r i d s "  can  be d i s t i n g u i s h e d  from s e x u a l l y  p ro d u ced  d i p l o i d s  by t h e i r  
v e r y  low l e v e l s  o f  s p o r u l a t i o n  (<2%). T e t r a d  a n a l y s i s  shows a 2 :2  s e g r e g a t ­
i o n  o f  n u c l e a r  m a r k e r s .
The e v id e n c e  s u g g e s t s  t h a t  h y b r i d s  i s o l a t e d  by p r o t o p l a s t  f u s i o n  a r e
p r e d o m in a n t ly  d i p l o i d .  The p o s s i b i l i t y  o f  u s i n g  p r o t o p l a s t  f u s i o n  a s  an 
e f f i c i e n t  method f o r  i s o l a t i n g  s p o r u l a t i o n - d e f i c i e n t  h y b r i d s  o f  K . l a c t i s  
c o u ld  p r o v i d e  a means o f  overcom ing  th e  p ro b lem  o f  u n s t a b l e  d i p l o i d y  i n  
t h i s  y e a s t  s p e c i e s .  T h i s  c o u ld  p ro v e  to  be  p a r t i c u l a r l y  u s e f u l  i n  th e
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s tu d y  o f  e x tr a -c h ro m o s o m a l  i n h e r i t a n c e  i n  K . l a c t i s ■
I n  t h i s  p a p e r ,  we i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  u s i n g  p r o t o p l a s t  
f u s i o n  t o  s tu d y  m i t o c h o n d r i a l  g e n e t i c s  i n  K . l a c t i s .
M a t e r i a l s  a n d  M ethods
1 . S t r a i n s  o f  K . l a c t i s
S t r a i n  P h e n o ty p e
102 a a r g  R
106 a a r g  e r y
110 a t r p  ,
127 a a r g t r p  e r y
T h ese  s t r a i n s  a r e  h e t e r o t h a l l i c  a n d  t h e  d e f i c i e n c e s  i n  a r g i n i n e  b i o ­
s y n t h e s i s  o f  s t r a i n s  102 a n d  127 a r e  c o m p le m e n tin g  . By t e t r a d  a n a l y s i s ,  
i t  h a s  b e e n  show n t h a t  i n  1 0 6 , e r y R i s  d e te r m in e d  by  an  e x tra c h ro m o s o m a l 
m u ta t io n  a n d  i n  1 2 7 , e r y R i s  c o n f e r r e d  b y  a  s i n g l e  d o m in a n t  n u c l e a r  g e n e (5).
2 .  M edia
M edia  c o m p o s i t io n  i s  g iv e n  i n  M organ a n d  W h i t t a k e r  (3 ,6 )  .
MMA = m in im a l m edium  a g a r .  OMMA = a s  f o r  MMA e x c e p t  0.6M  KC1 i s  a d d e d  f o r  
o s m o t ic  s t a b i l i s a t i o n  o f  p r o t o p l a s t s .  MMY = a s  f o r  MMA e x c e p t  g lu c o s e  i s  
r e p l a c e d  b y  2% (v /v )  g l y c e r o l .  MMYE = MMY + 4 m g/m l e r y th r o m y c in .
3 . P e t i t e  i n d u c t i o n
The p e t i t e  m u ta t io n  w as in d u c e d  w i th  e th id iu m  b ro m id e  (EB) a c c o r d in g  
to  t h e  m eth o d  o f  H e r i t a g e  a n d  W h i t t a k e r  ( 7 ) .
4 . P r o t o p l a s t  f u s i o n .
H y b r id s  ( e r v R+ e r y s  >w e re  i s o l a t e d  b y  t h e  p r o t o p l a s t  f u s i o n  p r o c e d ­
u r e  d e s c r i b e d  b y  M o rg an ^an d  W h i t t a k e r  ( 3 ) .  F o r  e a c h  o f  t h e  e r y R m u ta n t s ,
h y b r i d s  w e re  i s o l a t e d  fro m  t h e  f o l lo w in g  c r o s s e s : -  5
( i ) + R p _ e ry ^ + + s P ^ s r y b
( i i ) P 'e r y R + p e r y s
( i i i ) p e r y n + p e r y s
5 . M i t o t i c  S e g r e g a t io n  A n a ly s i s
The p r o c e d u r e s  u s e d  f o r  m i t o t i c  s e g r e g a t i o n  a n a l y s i s  w e re  b a s e d  on 
t h e  t e c h n i q u e  o f  z y g o te  c lo n e  a n a l y s i s  ( 8 ) .  A h y b r i d  c o lo n y  i s s u e d  fro m  a 
s i n g l e  f u s i o n  p r o d u c t  i s  d e f in e d  a s  a  p r im a r y  c l o n e . The f o u r  p r i n c i p a l  
s t e p s  o f  t h e  a n a l y s i s  a r e  show n d iag ra m m a t i c a l l y  i n  F i g . l .  F o r  t h e  q u a l i t ­
a t i v e  a n a l y s i s ,  m ore  th a n  20 p r im a r y  c lo n e s  w e re  i s o l a t e d  i n t o  1 ml 
s t e r i l e  w a te r  a n d  p a tc h e d  o n to  MMA t o  e l i m i n a t e  p a r e n t a l s  o r  re c o m b in a n t  
a u x o t r o p h s  ( s t e p  1 ) .  A f t e r  5 d a y s  i n c u b a t i o n  a t  3 0 °C , t h e  p a t c h e s  w e re  
r e p l i c a - p l a t e d  o n to  MMY, MMYE, a n d  MMA ( s t e p  2 ) .  A f t e r  a  f u r t h e r  4 t o  5 
d a y s  i n c u b a t i o n ,  g ro w th  w as s c o r e d .  F o r  t h e  q u a n t i t a t i v e  a n a l y s i s ,  t h e  
MMA r e p l i c a s  w e re  s u s p e n d e d  i n  s t e r i l e  w a t e r ,  c o u n te d ,  d i l u t e d  a n d  s p r e a d  
o n to  MMA t o  a l lo w  g ro w th  o f  s e c o n d a r y  c lo n e s  ( s t e p  3 ) .  A f t e r  4 d a y s  i n ­
c u b a t i o n  a t  30 9 ^ , t h e  s e c o n d a r y  c lo n e s  (up  t o  60 p e r  h y b r id )  w e re  r e p l i c a -
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p l a t e d  w i th  s t e r i l e  t o o t h p i c k s  o n to  MMY a n d  MMYE ( s t e p  4 ) .  A f t e r  3 d a y s  
i n c u b a t i o n ,  c l o n a l  g ro w th  w as s c o r e d  a s  p o s i t i v e  o r  n e g a t i v e .  A p o s i t i v e  
s c o r e  w as g iv e n  e v e n  when o n ly  a  s i n g l e  p a p i l l a  w as fo rm e d  on  MMYE.
MMY MMYE
F i g . l .  D ia g ra m m a tic  r e p r e s e n t a t i o n  
o f  m i t o t i c  s e g r e g a t i o n  a n a l y s i s  p r o ­
c e d u r e s  . H y b r id s  w e re  s e l e c t e d  in  
O M M A ,iso la ted  a n d  a s s e s s e d  q u a l i t a t ­
i v e l y  ( s t e p s  1 a n d  2 ) a n d  q u a n t i t a t i v e ­
l y  ( s t e p s  3 a n d  4 ) f o r  e r y R/ e r y S
R e s u l t s  a n d  D is c u s s io n
I n  S a c c h a ro m y c e s  c e r e v i s i a e , m i t o c h o n d r i a l  g e n e s  h a v e  b e e n  c h a r a c t e r ­
i s e d  b y  t h r e e  c r i t e r i a  : ( i )  n o n -M e n d e l ia n  i n h e r i t a n c e ,  ( i i )  m i t o t i c  s e g r e g ­
a t i o n ,  a n d  ( i i i )  d e l e t i o n  b y  t r e a t m e n t  w i th  p e t i t e  m u ta g e n s .  I n  t h e  c a s e  o f
K . l a c t i s , h o w e v e r ,  t h e  u n s t a b l e  d i p l o i d  p h a s e  p e r m i t s  o n ly  t h e  f i r s t  o f  
t h e s e  c r i t e r i a  t o  b e  u s e d  when c o n v e n t i o n a l  t e c h n i q u e s  o f  a n a l y s i s  a r e  em­
p l o y e d .  N e v e r t h e l e s s  t h e  c o n s t r u c t i o n  o f  s t a b l e  h y b r i d s  b y  p r o t o p l a s t  
f u s i o n  b e tw e e n  s t r a i n s  o f  l i k e  m a t in g - ty p e  o f f e r s  t h e  p o s s i b i l i t y  o f  u n d e r ­
t a k i n g  m i t o t i c  s e g r e g a t i o n  a n d  p e t i t e  d e l e t i o n  a n a l y s i s  i n  K . l a c t i s . Q u a l­
i t a t i v e  a n d  q u a n t i t a t i v e  p r o c e d u r e s  o f  a n a l y s i s  h a v e  b e e n  u s e d .
RQ u a l i t a t i v e  a n a l y s i s  o f  t h e  i n h e r i t a n c e  o f  e r y  a s  a  n u c l e a r  g en e  
( s t r a i n  127) show s t h a t  a  s m a l l  p r o p o r t i o n  o f  p r im a r y  c lo n e s  e x h i b i t  s e n s ­
i t i v i t y  t o  e r y th r o m y c in .
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TABLE 1 . Q u a l i t a t i v e  A n a l y s i s  o f  H y b r iu s  . '
P r o t o p l a s t  No o f  P r im a r y  c lo n e s
F u s io n
C ro s s
e r y R s c o r e
106 + 110 0
106 p " +  110 6 14
106 + 110 p" 0 0
127 + 102 0 4 18
127 p ~ +  102 1 6
127 + 102 p 2
T h ese  s e n s i t i v e  p r im a r y  c lo n e s  w e re  p re su m e d  t o  b e  h a p l o i d  re c o m b in ­
a n t s .  T h is  a s s u m p t io n  w as c o n f i r m e d  b y  q u a l i t a t i v e  a s s e s s m e n t  o f  c e l l  s i z e  
( 4 ) .  The q u a n t i t a t i v e  a n a l y s i s  ( F ig .2 a )  show s t h a t  t h e  h y b r i d s  f a l l  i n t o  
tw o  d i s t i n c t  c l a s s e s  ( e r y R a n d  e r y s ) . S in c e  o n ly  a  s m a l l  p r o p o r t i o n  o f  
h a p l o i d  r e c o m b in a n t s  a r e  i s o l a t e d  i n  a  p r o t o p l a s t  f u s i o n  c r o s s ( 4 ) ,  t h e  
m a j o r i t y  c l a s s  ( e r y R) w i l l  c o n s i s t  m a in ly  o f  d i p l o i d  h y b r i d s .  T r e a tm e n t  o f  
o n e  o r  o t h e r  o f  t h e  p a r e n t a l  t y p e s  (127  o r  102) w i th  EB h a s  l i t t l e  o r  no 
e f f e c t  on  t h e  d i s t r i b u t i o n  o f  r e s i s t a n c e  o r  s e n s i t i v i t y ’ a m o n g s t p r im a r y  
a n d  s e c o n d a r y  c l o n e s .  T h e se  r e s u l t s  a r e  c o n s i s t e n t  w i th  t h o s e  o b t a i n e d  by  
t e t r a d  a n a l y s i s ( 5 ) .  T h a t  i s ,  e r y R i n  127 i s  c o n f e r r e d  b y  a d o m in a n t  n u c ­
l e a r  g e n e .
(a) (b)
F i g . 2 . Q u a n t i t a t i v e  a n a l y s i s  o f  h y b r i d s  d e r i v e d  fro m  f u s i o n  c r o s s e s  i n ­
v o lv in g  s t r a i n  127 ( F i g .a )  a n d  s t r a i n  106 ( F ig .b )  . p e r y R + p +e r y ^  ( □ ) 
p ”e r y R + p +e r y s  ( •  ) ; p +e r y R + p e r y S ( & )
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I n  s t r a i n  1 0 6 , r e s i s t a n c e  i s  d e te r m in e d  b y  a n  e x tra c h ro m c so m - 1«  
w h ic h  i s  p r o b a b ly  l o c a t e d  on  th e  m i t o c h o n d r i a l  |genom e ( s e e  b e lö v i) .  Qua) t-  
a t i v e  a n a l y s i s  show s t h a t  a  s m a l l  p r o p o r t i o n  o f  p r im a r y  c lo n e s  ( t-/ + p ) 
a r e  s e n s i t i v e  (T a b le  1 ) .  T h ese  may r e p r e s e n t  h a p l o i d  r e c o m b in a n t s  o r  d i p ­
l o i d s  i n  w h ic h  m i t o t i c  s e g r e g a t i o n  o f  h o m o p la sm ic  p r o g e n y  ( e r y s ) o c c u r r e d  
a t  a n  e a r l y  s t a g e  f o l lo w in g  t h e  f o r m a t io n  o f  t h e  i n i t i a l  p r o t o p l a s t  f u  - n 
p r o d u c t .  S e c o n d a ry  c l o n e .a n a l y s i s  r e v e a l s  t h a t  i n  a  h ig h  p r o p o r t i o n  
(63 .2% ) o f  t h e  h y b r i d s  (p  + p *) o n ly  r e s i s t a n t  p r o g e n y  .w ere  o b t a i n e d  í r i g .  
2 b ) . S in c e  t h e  m ec h an ism s  o f  m i t o c h o n d r i a l  i n h e r i t a n c e  i n  K . l a c t l s  a r e  
n o t  w e l l  u n d e r s t o o d ,  i t  i s  n o t  p o s s i b l e  t o  t e l l  w h e th e r  t h i s  o b s e r v a t i o n  
s u g g e s t s  a  s t r o n g  b i a s  i n  t h e  t r a n s m i s s i o n  o f  e r y R a l l e l e s  o r  a  lo n g - te r r , :  
m a in te n a n c e  o f  t h e  h e t e r o p la s m i c  c o n d i t i o n .  T r e a tm e n t  o f  106 w i th  EB p r i o r  
t o  f u s i o n  w i th  110 p r o d u c e s  a  c l e a r  s h i f t  i n  f a v o u r  o f  s e n s i t i v e  p ro g e n y  
a s  o b s e r v e d  b y  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  p r o c e d u r e s  o f  a n a l y s i s . S in c e  
EB a c t s  s p e c i f i c a l l y  on  m i t o c h o n d r i a l  DNA, t h e  e f f e c t s  on  t r a n s m i s s i o n  
w o u ld  s u g g e s t  t h a t  t h e  r e s i s t a n c e  a l l e l e  i s  l o c a t e d  o n  t h e  m i t o c h o n d r i a l  
g enom e. T h a t  EB h a s  a  d i r e c t  e f f e c t  o n  m i t o c h o n d r i a l  g e n e  t r a n s m i s s i o n  i s  
d e m o n s t r a t e d  b y  t h e  r e c i p r o c a l  c r o s s  i n  w h ic h  t h e r e  i s  a  s h i f t  to w a rd s  
r e s i s t a n t  p r o g e n y .  I t  i s  n o t  p o s s i b l e  t o  t e l l  w h e th e r  a  r e d u c e d  t r a n s ­
m is s io n  i s  a  c o n s e q u e n c e  o f  a  lo w e r e d  m i t o c h o n d r i a l  g e n e  c o n t e n t  i n  
p e t i t e s  r e s u l t i n g  i n  a  d e c r e a s e d  i n p u t ,  o r  t h e  r e s u l t  o f  mitDNA f r a g m e n t ­
a t i o n  b y  EB a n d  s u b s e q u e n t  e f f e c t s  on  r e c o m b in a t io n  p r o c e s s e s .  The r e ­
s u l t s  do  s u g g e s t  h o w e v e r ,  t h a t  i n  K . l a c t i s  t h e r e  a r e  m u l t i p l e  c o p ie s  o f  
g e n e t i c a l l y  c o m p e te n t  a n d  i d e n t i c a l  m i t o c h o n d r i a l  g en o m es.
I n  c o n c l u s i o n ,  t h e  i s o l a t i o n  o f  s t a b l e  ( s p o r u l a t i o n - d e f i c i e n t )  d i p ­
l o i d s  b y  t h e  t e c h n i q u e  o f  p r o t o p l a s t  f u s i o n  p r o v i d e s  a  m eans o f  u n d e r ­
t a k i n g  m i t o t i c  s e g r e g a t i o n  a n d  p e t i t e  d e l e t i o n  a n a l y s i s  i n  K . l a c t i s .  F o r  
m ore a d v a n c e d  s t u d i e s  on  t h e  t r a n s m i s s i o n ,  s e g r e g a t i o n ,  a n d  r e c o m b in a t io n  
o f  m i t o c h o n d r i a l  g e n e s  i n  K . l a c t i s  i t  w i l l  b e  n e c e s s a r y  t o  e l i m i n a t e  th e  
h a p l o i d  r e c o m b in a n t  p r o d u c t s  o f  p r o t o p l a s t  f u s i o n .  I n  f a c t ,  h a p l o i d s  an d  
d i p l o i d s  a r e  r e a d i l y  d i s t i n g u i s h e d  b y  t h e i r  c o lo n y  c o l o u r s  on  m in im a l 
m e d ia  (3) .
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GENETIC STRUCTURE OF YEAST HYBRIDS CONSTRUCTED 
BY PROTOPLAST FUSION
F . Böt t c he r ,  D. Becher,  U. Kl i nner ,  I . A.Samsonova 
and B.Schi lowa
E r n s t - Mo r i t z - A r n d t - U n i v e r s i t ä t ,  Sekt i on B i o l o g i e  
Grei f swa l d ,  G.D.R.
Bypass ing natural  b a r r i e r s  of  sexual  h y b r i d i z a t i o n s ,  p r o t o p l a s t  
f u s i o n  can be a powerful  t o o l  in both pure and appl i ed  y e a s t  
g e n e t i c s .  To r e a l i z e  t h i s  o p p o r t u n i t y ,  d e t a i l e d  knowledge about  
the g e n e t i c  consequences  of  p r o t o p l a s t  ' fus ion in y e a s t s  i s  e s -  
s e n t i  al .
The f i r s t  s u c c e s s f u l  h y b r i d i z a t i o n s  of  y e a s t s  by p r o t o p l a s t  f u ­
s i on  were reported in 1977 ( 1 - 6 ) .  In t h e s e  and some fol lowing i n ­
v e s t i g a t i o n s  i t  was demonstrated t hat  p r o t o p l a s t s  from a ux o t ro ­
phic s t r a i n s  of  a y e a s t  s p e c i e s  w i l l  h y br i d i ze  d e s p i t e  i d e n t i t y  
in mating type .  S ince  the i s o l a t e d  p ro t o t ro phi c  f us i on  products  
were g e n e t i c a l l y  s t a b l e  and heterozygous  f or  the parental  mar­
kers ,  the DNA cont ent  per c e l l  was nearl y  twi ce  as big as t ha t  
of  the parental  s t r a i n s ,  and only one nucleus  per c e l l  was found,  
they seem to be s i m i l a r  i f  not i d e n t i c a l  to sexual  hybr ids .  Such 
r e s u l t s  were obta i ned in taxonomica 1 l y d i f f e r e n t  y e a s t s ,  e . g .  
with Sacchanom ycei c e n e v l i l a e .  ( 1 , 2 , 7 ) ,  S c h l z o ia c c k a n o m y c a  pom- 
be (3)  and R hodoipon ld lum  t o n u l o l d e i  ( 4 ) .  However,  in e x p e r i ­
ments wi th Candida tn .o p lc .a l l i ,  the i s o l a t e d  f us i o n  products  were 
mainly g e n e t i c a l l y  uns t a b l e  heterokaryons  which g i ve  r i s e  to 
s t a b l e  hybrids  only  during f u r t he r  c e l l  propagat ion c y c l e s  ( 6 , 8 ).
Using y e a s t  s t r a i n s  wi th s u i t a b l e  chromosomal markers,  pr o t o p l a s t s  
of  log phase c e l l s  prepared by H e l ix  p o m a tla  enzymes,  and the  
p o l y e t h y l e n e  g l y c o l  f us i on  t e c h n i q ue ,  we have s t u d i e d  g e n e t i c a l  
consequences  o f  p r o t o p l a s t  fus ions  in P lc h la  g u l l l l z n m o n d l l ,  S a c-  
chanom ycei c e n e v l i l a e .  and R ko d o ipon ld lum  t o n a l o l d a  ( 9 - 1 1 ) .  The 
f us i on  products  (which we c a l l  f p - h y b r i d s )  were mainly s tud i e d  
by m i t o t i c  s e g r e g a t i o n ,  and in the case  of  S.  c e n e o l i l a e ,  
t e t r a d  anal y s i s  was a l s o  used.  To i nc r e a s e  mi to t i c  s e g re g á t i o n  
f r e q u e n c i e s ,  u s ua l l y  the chromosome l o s s  i nducing agents  a c r i -  
f l a v i n  and benomyl were used.  The a b i l i t y  of  a c r i f l a v i n  to i n ­
cr eas e  the f r e q ue nc i e s  o f  m i t o t i c  s eg r e g a t i o n  by chromosome l os s  
was found in our l a bo r a t o r y .  The f o l l o w i n g  procedures of  drug 
a p p l i c a t i o n  and i s o l a t i o n  of  auxotrophic  s egr egant s  were most ly  
used.  Af t er  growth on complete medium agar with s u i t a b l e  drug 
c o n c e n t r a t i o n s ,  the c o l o n i e s ,  each from a s i n g l e  c e l l ,  were 
r e p l i c a  p l a t ed  onto minimal medium agar.  In t h i s  c a s e ,  each seg-  
regant  colony r e s u l t s  from one s eg r e g a t i o n  event .
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!n t h i s  paper,  some r e s u l t s  are pres ent ed  which demonstrate  t ha t  
the g e n e t i c a l  consequences  o f  p r o t o p l a s t  f u s i o n s  in y e a s t s  may 
be more compl i cated  than expec ted  from prev i ous  i n v e s t i g a t i o n s .
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i  gh Mi t o t i c  Seg re g a t i o n  Frequency o f  One of  the Parental  Markers
i n fp-Hybrids
majori ty of  the f p - hy br i ds  wi t h i n  i n t r a s p e c i f i c  p r o t o p l a s t  
f u s i o n s  in P, g u i l l i & n m o n d i i ,  S.  ce.n.e.viiia.& and R. t o n u l o i d e i  
are perhaps he terozygous  f or  a l l  parenta l  markers ,  s i n c e  we re-  
overéd the markers from t hos e  hybrids  t e s t e d  (examples  are pre-  
'nteri in the t a b l e s ) .  The he terozygous  s t a t e  o f  most f p - hybr i ds  
ransmi t t ed during v e g e t a t i v e  propagat i on .  The spon­
taneous mi t c Wc  s e g r e g a t i o n  f requency o f  the markers var i ed con-  
i d e r a b l y ,  but in most cases  a -frequency o f  10*3 or l e s s  was ob­
t a i n e d .
f p - h y b r i d s ,  however,  a much h i gher  m i t o t i c  s e g r e g a t i o n  
equency was found f o r  one o f  the parenta l  markers ,  whereas ,
^he o t hers  are in a s t a b l e  het erozygous  s t a t e .  This s u r p r i s i n g  
■ i'enomenon was observed in f p - hy br i ds  from p r o t o p l a s t  f u s i o ns  
between mutants o f  d i f f e r e n t  wi l d  s t r a i n s  o f  R. ton.uloi.de.-!> and 
?. g u iZ Z ien .m o n d i i . It  i s  c h a r a c t e r i z e d  by the f o l l o w i n g  three  
examp l e s .
Ten p r o t o t r o p h i c  f p - h y b r i ds  were i s o l a t e d  wi t h i n  a p r o t o p l a s t  
f us i on  experiment  between the Rhodoipon.-idi.um s t r a i n s  IFO 559 A 
leu and CCY 20- 2- 16  A met.  Eight  o f  t h e s e  hybrids  were s t a b l e  
prot o t rophs :  auxotrophi c  s eg r e g a n t s  were not found among 1000 
t e s t e d  c o l o n i e s  o f  each hybrid.  The o ther  two hybrids  s e g r e g a t e  
net  wi th a high spontaneous  f requency:  530 met s e g r e g a n t s  were 
found among 1200 t e s t e d  c o l o n i e s  o f  one o f  the hybrids  and 100 
met s e g r eg a nt s  among 500 t e s t e d  c o l o n i e s  of  the o ther  hybrid.
S i mi l ar  r e s u l t s  were observed wi th p r o t o t r o p h i c  fp - hybr i ds  w i t h ­
in p r o t o p l a s t  f u s i o n s  between the Rhodoipon.idium  s t r a i n s  IFO 559 
l eu pan and CCY 20- 2- 16  A met ade.  Two o f  the hybrids  s e g r e g a t e  
ade wi th a high f requency:  17 % and 90 % o f  the t e s t e d  c o l o n i e s  
were ade s e g r eg a nt s  in one of  the exper i ment s .  With a much low­
er f requency the marker combinat ion ade met a l s o  s e g r e g a t e s  spon­
t a n e o u s l y .  The high spontaneous  s e g r e g a t i o n  frequency of  ade was 
not e l i mi n a t e d  during the v e g e t a t i v e  propagat ion of  the uns t abl e  
fp hybr i ds .
Seven out  of  e i g h t  t e s t e d  p r o t o t r o p h i c  hybrids  wi t h i n  a p r o t o ­
p l a s t  f us i o n  exper iment  between the P. g u iZ Z ie n m o n d i i  s t r a i n s  
799 mat" met nie  and 809 mat" hi s  ade were s t a b l e  h e t e r o z y g o t s : 
Among approximate l y  1000 t e s t e d  c o l o n i e s  of  each f p - h y b r i d ,  auxo­
t r oph i c  s e g r e g a n t s  were not observed.  One of  the hybrids  s e g r e ­
gates  s p o nt a ne o us l y  the marker ade o n l y ,  which can be e a s i l y  ob­
served by the red co l o ur  of  ade c o l o n i e s  or co l ony s e c t o r s .
Out of  909 t e s t e d  c o l o n i e s  o f  the f p - h y b r i d ,  19 were compl e t e l y  
red whi l e  most others  had red s e c t o r s  (197 red s e c t o r s  per 300 
t e s t e d  c o l o n i e s ) .  The high spontaneous  m i t o t i c  s e g r e g a t i o n  f r e ­
quency of  the marker ade was e l i mi n a t e d  during some v e g e t a t i v e  
reproduct ion c y c l e s  of  the c e l l s .
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These r e s u l t s  s u g g e s t  that  in rare p r o t o p l a s t  f u s i o n  e v e n t s ,  
s i n g l e  chromosomes or p i e c e s  of  a chromosome were not s t a b l y  i n ­
t e g r a t e d  i n t o  the hybrid n u c l e u s ,  but e x i s t  as a p l a s m i d - l i k e  
g e n e t i c  e l ement  in she c e l l  ( n u c l e u s " ) .  This may be a t r a n s i e n t  
or permanent c o n d i t i o n  Perhaps ,  the i n t e g r a t i o n  p r o b a b i l i t y  
i n t o  the nuc l ear  genomes i s  a c h a r a c t e r i s t i c  f e a t u r e  of  such
Prefe r e n t i a l  Mi t o t i c  Co - s e g r e g a t i o n  of  Unl inked Parental  Marker 
römb •. n . t . or i n s t a b l e  Hyb1 T s o f  ~c'~rotop 1 a s t  Fusions  Between the  
S t r a i n s  79 9 met arg ana 799 asr, v> i s of  P. ziUZlZe.'imoncU.i
Unl inked markers segrega  i ndependent l y  in most sexual  h y br i d s ,
'
f u s i o ns  between the mutants met-1 arg-3 and asn-1 h i s - 7  of  the  
P. g a i Z l l o  . s t r a i n  799 (mat ing type mat- ) showed p re ­
f e r e n t i a l  c o - s e g r e g a t i o n  o f  met wi th arg and o f  asn wi th h i s ,  
al though t h e s e  markers are unl i nked and the hybrid c e l l s  have 
only one nuc l e us .  Linkage could be exc luded by i ndependent  mi­
t o t i c  s e g r e g a t i o n  o f  the auxotrophi c  markers in hybrids  produced 
by sexual  c r o s s e s  and in other  f u s i o n  combi nat i ons .  The data o f  
UV l i g h t  induced m i t o t i c  s e g r e g a t i o n  present ed  in Table 1 dem­
o n s t r a t e  a l s o  t hat  the four markers a - e  unl i nked.  The g e n e t i c  
s t a b i l i t y  of  the fp - hybr i ds  and the occurrence  o f  some recombi ­
nants wi th g e n e t i c  markers from both parents  exc l ude  a he t e r o -  
k a r y o t i c  c o n d i t i o n .  Evidence f or  the monokaryot ic  s t a t e  was a l s o  
found in l i g h t  and e l e c t r o n  mi cr os copi c  - s t u d i e s .  Data of  three  
f p - h y b r i ds  are pres ent ed  in the f o l l o w i n g  t a b l e ,
Table l Spontaneous and induced mi t o t i c s e g r e q a t i o n data
Fusion  
hybri  d
Frequency of  
spontaneous  
m i t o t i c  
s egr egant s
Induced a i t o  t i c s e g r e g a t i o n
agent s e g r e -  
t e s  ted
No, o f  s e g r e g a n t  types
met
arg
asn 
h i s o thers
f p 3 - 3 3 3x1 O' 3 a c r i f ' l a v i n e 31 11 19 asn met
f p 3 - 51 1x10“3 a c r i f l a v i n e 48 28 20 0
f  p 3 - 7 0 5x1 O' 3 acri  f 1 avi ne 51 15 35 met
benomy1 163 92 67 4 met
UV l i g h t 34 3 2 8 asn
7 h i s
7 met
7 arg
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The c o - s e g r e g a t i on which was induced a l s o  by p - f 1uoropheny1 - 
a l a n i n e  occurs  onl y  in the f u s i o n  combinat ion 799 met arg + 799 
asn h i s ,  but not  in combi nat i ons  o f  one of  t h e s e  mutants wi th  
other  mutants o f  s t r a i n  799.  The f o l l o w i n g  DNA amounts per c e l l  
were determined:  2 6 + 3  and 28 + 6 fg in the two parenta l  mutants,  
44 + 2 fg in the fp-Fybri d  3 - 7 0 ,  31 + 1 and 27 + 4 fg in two 
c o - s e g r e g a n t s  o f  fp3 - 7 0 .
These exper imental  data s u g g e s t  t ha t  karyogamy occurs  a f t e r  pro­
t o p l a s t  f u s i o n s  between the mutants 799 met-1 arg-3 and 799 
asn-1 h i s - 7 .  The unus ual ,  but comparat i ve l y  s t a b l e  o r g a n i z a t i o n  
of  the r e s u l t i n g  synkaryon a l l ows  recombi nat ions  between the  
two genomes,  which have,  however,  r e t a i n e d  a c e r t a i n  degree of  
i ndependence .
The Mi t o t i c  Seg re g a t i o n  Pat t ern of  S t a b l e  fp-Hybrids  May Be D i f ­
f e r e n t  Within a P r o t o p l a s t  Tusion Experiment
An example i s  g iven in Table 2.  In the t hree  present ed  p r o t o t r o ­
phic hybrids  of  p r o t o p l a s t  f u s i o n s  between the P. QU.ZZZZzn.mon- 
dZZ s t r a i  ns 799 mat“ net nie and 809 mat- h i s  ade,  the spontaneous
Table 2 A c r i f l a v i n e  induced m i t o t i c  s eg r e g a t i o n  p a t t e r n s  of  
P. gu.ZZZZzn.mo ndZZ fp - hybr i ds
Frequency in % o f  the t o t a l  number of
Types o f s eg r eg a nt s
s eg r e g a n t s f p l -10 f p I - I I f p l - 6 1
met 27.6 23.1 4 . 2
ni c 0 0. 3 0
hi s 30.9 40. 0 64.9
ade 4 . 6 7 . 2 3 . 2
met nie 5.3 0.3 3 . 2
hi s  ade 2.6 5. 0 11.7
met h i s 18.4 21 . 2 2.1
met ade 2. 0 0 2.1
nie  his 0 . 5 0 1 . 0
nie  ade 1 . 2 0 0
met nie  his 0. 6 0. 3 0
met nie  ade 0. 6 0 1 .0
hi s  ade met 5.3 3 . 0 5. 3
hi s  ade nie 0 0 1 .0
met nie  hi s  ade 0 0 0
Number of  s e g r e g a n t s 152 363 94t e s t e d
s e g r e g a t i o n  f r e q u e n c i e s  of  auxotrophi c  markers i s  lower than 
10 - 3 ,  but m i t o t i c  s e g r e g a n t s  could be obta i ned by means o f  t-he 
chromosome l o s s  i nduci ng agent  a c r i f l a v i n e .
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Whereas,  the s e g r e g a t i o n  pat t erns  are s i m i l a r  in the hybrids  
f p 1 -10  and f p l - 1 1 , s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  between these  
two fp - hy br i ds  and f p 1-61 in the f r e q ue nc i e s  o f  met,  h i s ,  hi s  
ade,  and hi s  met s eg r e g a n t s .  These r e s u l t s  i n d i c a t e  d i f f e r e n c e s  
in the g e n e t i c  s t r u c t u r e  of  the r e s p e c t i v e  f p - h y b r i ds .
GENETIC STRUCTURE OF YEAST HYBRIDS
Tetrad Ana l ys i s  of  fp-Hybrids  of  S.  c.e.Ke.v-ii-iai
To ge t  d e t a i l e d  informat ion about the g e n e t i c  o r g a n i z a t i o n  o f  
s t a b l e  f p - h y b r i d s ,  p r o t o p l a s t  f u s i o n s  and sexual  c r o s s e s  be-tween 
the S.  tufLUvIilae.  s t r a i n s  H10/6 a ade5 aro2 cyh2 l eul  ade2 and 
H1 0 / 1 0 a  hi s4  l y s 5  metl3 trp5 ade2 were performed.
The mating type a l l e l e s  and h i s 4 are l oca t e d  in chromosome I I I ,  
ade2 in chromosome XV, and the other  l o c i  in chromosome VII.  Af-  
t e r  s p o r u l a t i o n ,  the t e t r a d s  of  sexual  and fp-hybr i ds  were ana­
l ys ed  by means o f  the micromanipul  a t o r .
All  f i v e  t e s t e d  f p - hybr i ds  are heterozygous  d i p l o i d s  wi th a nor­
mal 2:2 s eg r e g a t i o n  of  the markers in most c a s e s .  However,  some 
d i f f e r e n c e s  to the sexual  hybrids  and perhaps a l s o  between fp-  
-hybr i ds  e x i s t  (Table 3) .
Table 3 Tetrad data o f  the sexual  hybrids  (70 t e t r a d s )  and the  
f us i on  product  15 (34 t e t r a d s )
Number o f  t e t r a d s  wi th wi l d:mutant  
Marker a l l e l e  r a t i o  aberrant
4:0  3:1 2:2 1:3 0:4 t e t r a d s
Sexual hybri  ds
h i s 4 0 1 68 0 1 2 . 8
ade5 0 1 38 0 0 2. 5
l ys5 0 2 68 0 0 2 . 8
aro2 0 0 69 1 0 1 .4
metl 3 0 2 68 0 0 2 . 8
cyh2 0 0 69 1 0 1 .4
trp5 0 0 70 0 0 0
l eul 0 0 68 2 0 2. 8
fp 15
h i s 4 1 4 29 0 0 14.7
ade5 0 3 31 0 0 9. 7
l ys5 1 3 30 0 0 13.3
aro2 0 6 28 0 0 17.6
metl  3 1 4 29 0 0 14.7
cyh2 0 0 31 3 0 9. 7
trp5 0 5 29 0 0 14.7
l eul 0 4 30 0 0 13.3
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The frequency o f  aberrant  t e t r a d s  i s  s i g n i f i c a n t l y  h igher  in the 
fp -hybr i d  than in the sexual  hybr i ds .  While in the sexual  hybrids  
the f r e q ue nc i e s  o f  convers i on  from the mutant to the wi l d  and 
from the wi ld to the mutant a l l e l e s  tends to be equal  at  given  
l o c i ,  t hes e  f r e q ue nc i e s  are s i g n i f i c a n t l y  unequal in fp 15,  with 
a s trong bias  in the d i r e c t i o n  of  the wi ld type a l l e l e .
SUMMARY
BÖTTCHER ET AL.
In i n t r a s p e c i f i c  p r o t o p l a s t  f us i on  experiments  between auxotroph­
i c  s t r a i n s  of  P ic h ia  g a i lZ ic K m o n d i i ,  Sac.ckan.omyce.-i> ce.Ktv-LA.Lae. 
and RhodoApoKidium to n u lo id c A  , the major i ty  of  i s o l a t e d  p r o t o ­
t rophi c  products  ( f p - h y b r i d s )  are g e n e t i c a l l y  s t a b l e .  However,  
we found a l s o  f p - hybr i ds  wi th a high spontaneous  m i t o t i c  s e g r e ­
ga t i on  frequency of  one or more parental  makers.  Although a he-  
t e r o k a r y o t i c  co nd i t i o n  could be exc l uded ,  the p r o t o p l a s t  f u s i o n s  
between two s t r a i n s  g i ve  r i s e  only to f p - hybr i ds  with p r e f e r e n ­
t i a l  m i t o t i c  c o - s e g r e g a t i o n  of  unl inked parental  marker combina­
t i o n s  by chromosome l o s s  inducing ag ent s .  Many m i t o t i c a l l y  s t a ­
b l e  f p - hybr i ds  are d i f f e r e n t  from sexual  hybrids  and a l s o  from 
another wi t h i n  the same combinat ion o f  s t r a i n s .  Obvi ous l y ,  the 
g e n e t i c  consequences  of  p r o t o p l a s t  f u s i o ns  in y e a s t s  may be more 
compl i cated than these of  sexual  c e l l  unions .
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INTRODUCTION
The genus RkodoApoA.idUu.rn, e s t a b l i s h e d  by Banno in 1967 has con­
s i d e r a b l e  advantages  f or  g e n e t i c  studies '  over o ther  bas idiomy-  
c e t e s  because o f  i t s  a b i l i t y  to grow as a y e a s t  on s imple  media 
and to complete  the l i f e  c y c l e  under t hes e  c o n d i t i o n s .  Therefore  
such s t u d i e s  were performed in our l aboratory  on R. to  Kalo i d z A .
It  was p o s s i b l e  to develop e f f e c t i v e  t echni ques  f or  i nduct i on  
and i s o l a t i o n  of  mutants ,  complementat ion and dominance t e s t s  in 
heterokaryons  and h e t e r o z y g o t e s ,  sexual  h y b r i d i z a t i o n  and the  
a n a l y s i s  of  sexual  and m i t o t i c  s e g r e g a t i o n .  Many s t r a i n s  wi th  
s u i t a b l e  chromosomal markers were co ns t r uc t ed  and are a v a i l a b l e .
Sexual c r o s s e s  are p o s s i b l e  only between y e a s t  s t r a i n s  of  oppo­
s i t e  mating t y p e s .  Af t er  the conjugat i on  of  two c e l l s  a d i karyot -  
i c  mycel ium with clamp connec t i ons  and t e l i o s p o r e s  i s  formed.
The t e l i o s p o r e s  are the s i t e  o f  karyogamy and germinate to a 
promycel ium on which monokaryot ic  y e a s t  c e l l s ,  the s p o r i d i a ,  bud 
o f f .  The formation o f  the s p o r i d i a  on the promycel ium i s  c o n n e c t ­
ed with the s e g r e g a t i o n  of  g e n e t i c  markers,  but the s e g r e g a t i o n  
pa t t e r n s  are abnormal and perhaps nonmeiot i c  ( 2 ).
S i nce  the natural  b a r r i e r  of  sexual  conjugat i on  can be e l i m i n a t ­
ed by p r o t o p l a s t  f u s i o n ;  t h i s  method may be a powerful  t oo l  in 
R hodoipoA id ium  g e n e t i c s .  S i p i c z k i  and Ferenczy have f i r s t  shown 
t ha t  i t  i s  p o s s i b l e  to h y br i d i ze  s t r a i n s  o f  the mating type A 
via p r o t o p l a s t  f us i on  ( 3 ) .  We have s tud i e d  the g e n e t i c  c o n s e ­
quences o f  p r o t o p l a s t  f u s i o n s  between y e a s t  s t r a i n s  both of  i d e n ­
t i c a l  and o p po s i t e  mating t ype .  Some r e s u l t s  of  t he s e  experiments  
are present ed  in t h i s  paper.
MATERIALS AND METHODS
Double auxotrophic  mutants o f  the wi ld s t r a i n s  Rgl and IFO 880 
with mating type a and o f  IFO 559 and CCY 20-2-16  wi th mating 
type A  were u s e d . “ The r e v e r s i o n  frequency of  each of  the auxo­
t r o ph i c  markers was g e n e r a l l y  l e s s  than one per 108 c e l l s .  Pro-
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t o p l a s t s  have been prepared wi th the help o f  s n a i l  d i g e s t i v e  
j u i c e  as de s c r i b e d  by Hedenstró'm and Hofer ( 4 ) .  Early l o g - pha s e  
c e l l s  were used and i t  was n ece s s a ry  to vary the c u l t i v a t i o n  
t ime in l i q u i d  medium because auxotrophi c  mutants d i f f e r  in t he i r  
growth c h a r a c t e r i s t i c s .  P r o t o p l a s t  s u s pe ns i o ns  have been washed 
t wi c e  wi th 1 M s o r b i t o l ,  mixed and c e n t r i f u g e d  at  3 0 0 0  X g .  The 
p e l l e t  was suspended in a s o l u t i o n  of  30 % (w/v)  PEG in 0.1 M 
CaC12 and 15 % dimethyl  s u l p h o x i de .  Af t er  30 minutes  i ncubat i on  
at  28°C the s us pens i on  was spread on f us i o n  agar (minimal medium 
agar (5)  s t a b i l i z e d  o s m o t i c a l l y  with 0 . 8  M ma n n i t o l ) .  P r o t o t r o p h ­
ic, c o l o n i e s  d ev e l o p i ng  on f u s i o n  agar were regarded as f u s i o n  
produc t s .  Fusion y i e l d  i s  compared wi th the number o f  p r o t o p l a s t  
pai r s  which are abl e  to regenerat e  on supplemented f u s i o n  agar.  
DNA con t e nt  o f  the s t r a i n s  was determined by the method of  Bur­
ton ( 6 ) modi f i ed a f t e r  ( 7 ) .  In t h i s  case  c e l l s  have been washed 
twi ce  wi th 10 % TCA and ethanol  be fore  HCTO4 e x t r a c t i o n .  For 
nuc l ear  s t a i n i n g  the Giemsa-method was used.  Mi t o t i c  s e g r e g a t i o n ,  
induced by a c r i f l a v i n e  ( 8 ) ,  and d e t e c t i o n  o f  mating type (9)  were 
performed as d e s c r i b e d .
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RESULTS
The y i e l d s  o f  f us i o n  products  ( f p - h y b r i d s )  were low and vari ed  
in d i f f e r e n t  f u s i o n  ex per i ment s .
Fusions  Between D i f f e r e n t  Mutants o f  the Same S t ra i n  wi th Mat i n 
Type a
In the f u s i o n s  between d i f f e r e n t  mutants of  the same s t r a i n  wi t  
mating type a very s t a b l e  hybrids  were formed (Table 1 and 2) .
Table 1. Some c h a r a c t e r i s t i c s  o f  f p - h y b r i ds  o f  f u s i o n  No. 3: IFO 
880 a arg leu+lFO §80 a l y s  met ( f u s i o n  y i e l d :  1x10*4%),  dna co 
t e n t  of  the s t r a i n  IFO 8Ó0 a:67 fg per c e l l
1
fp-
Hybri d
2 3 
Mating DNA con-  
type t e n t  in 
f g / c e l  1
4
No. of  spontaneous  
s e g r e g a n t s / N o . of  
c o l o n i e s  t e s t e d
5
A c r i f l a v i n e  i n ­
duced s e g r e g a n t s /  
/ N o , o f  c o l o n i e s  
t e s t e d
f p 2 - 2 a 21 1 0 : 1000 24 met
1 arg
5 l eu : 1000
2 l ys
1 arg leu l ys  met
f  p2-3 a^ 203 0 : 1000 7 met 
1 arg
1 l eu : 1000 
1 l ys
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We succeeded in the i nduct i on  o f  m i t o t i c  s egr egant s  by a c r i f l a -  
v i ne .  The r e s u l t s  in the t a b l e s  demonstrate that  the pro t o t r o p h ­
i c  f p - hy br i ds  were h e t e r o z y g o t i c  for  the parental  chromosomal  
markers .
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Table 2 . Some c h a r a c t e r i s t i c s  of  f p - hybr i ds  of  f us i on  No. 5: Rg 1 
a ura l eu + R g l a l y s  ade ( f us i o n  y i e l d : l x lÓ'^ %) DNA content  of  
the s t r a i n  Rg I a : 65 fg per c e l l
1 2 3 4 5
fp5-3  a 130 4 leu : 1000 14 leu
36 ura 
2 ade 
1 ade lys  
1 ura leu
fp5-4 a 134 0 : 1000 2 leu
1 l ys  
1 ura leu 
1 ede leu
1000
1000
In more than 200 fp - hy br i ds  i n v e s t i g a t e d  no change o f  mating type  
from a to  A or mycel ium formation could be d e t e c t e d .  In f us i o n  
No. 3 f p - hybr i ds  seem to have a three  t imes higher cont e nt  of  
DNA compared with the parental  s t r a i n  whereas f p - hybr i ds  o f  f u ­
s i on  No. 5 only conta i n  double that  of  t h e i r  parental  s t r a i n .  
Nuclear s t a i n i n g  showed that  a few y e a s t  c e l l s  wi th two nuc le i  
occur ,  whereas most c e l l s  conta i n  only one n u c l e u s . Perhaps the  
balance between nuc l ear  and c e l l  d i v i s i o n  i s  d i s t ur be d  in some 
y e a s t  c e l l s .  For mycel ium formation i t  seems l i k e l y  that  c e l l s  
should carry o p p o s i t e  mating type a l l e l e s .
Fusion Between Mutants o f  D i f f e r e n t  S t ra i ns  with I d e n t i c a l  Mat­
ing Type
Hybrids o f  t h i s  f us i o n  type were q u i t e  d i f f e r e n t , - e s peci a  1 ly in 
g e n e t i c  s t a b i l i t y  and DNA c o n t e nt .  For i n s t a n c e  -fp2-4 i s  a very 
uns t a b l e  f p - h y b r i d ,  whereas f p 2-2 i s  a very s t a b l e  one.  But in 
no case  a change or l o s s  of  mating behaviour in the hybrids  or 
t h e i r  auxotrophic  s egr egant s  could be d e t e c t e d .
Hybrids of  f us i on  between two s t r a i n s  wi th mating type A do not 
grow as mycel ium.
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Table 3. Some c h a r a c t e r i s t i c s  of  f p - hy br i ds  o f  fusion No. 2: IFO 
559 A l eu pan + CCY 2 0- 2 - 16  A met ade ( f u s i o n  .yie ld:  2x10^ 3 %) , 
DNA con t e nt  o f  IFO 559: 97fg per c e l l  and CCY 20 - 2 - 1 6 :  95 fq per 
ceTI
1 2 3 4 5
f p 2 - l A 252 0 : 1000 2
1
ade : 
1 eu
1 000
f  p2 - 2 A 125 0 : 1000 2
4
ade
pan 2000
fp2-4 A 94 110 a d e : 1 000 40 ade met.  
1600 ade ' 2000
Fusions  Between Mutants o f  D i f f e r e n t  S t r a i n s  wi th Oppos i te  Mat­
ing T y p~e
In f u s i o n  No. 6 and No. 7 (Table 4 and 5) four days a f t e r  s pread­
ing the mixed p r o t o p l a s t s  on f us i o n  agar t h r e e  types  of  p r o t o ­
t r o ph i c  c o l o n i e s  deve l oped:  mycel ium colonies ,  y e a s t  c o l o n i e s  and 
mixed c o l o n i e s  which c o n s i s t  o f  mycel ium and y e a s t s .  Further i n ­
v e s t i g a t i o n  of  the y e a s t  types  showed t hat  hybrids  wi th d i f f e r ­
ent  mating types  (a and A) have been formed.  Cloning by micro-  
mani pul ator  showed t h a t  the mating type o r i g i n a l l y  expres sed  i s  
f i rml y  i n h e r i t e d  during v e g e t a t i v e  re pr o duc t i o n .  The v i a b i l i t y  
(proper t y  o f  s i n g l e  hybrid c e l l s  to form a co l ony)  i s  d i f f e r e n t .
Table 4. Some c h a r a c t e r i  s t i  cs o f  fp -hybr i ds  of f u s i o n  Nq . 6 : IFO
880 a arg lys + IFO 559 A leu pan ( f u s i o n  y i e l d :  Ixlo" ST ]
1 2 3 4 5
f p6- 1 A 1 50 2 pan : 2000 0 : 2000
f  p6 - 6 A 190 1 1 eu : 2000 4 leu : 2000
f  p 6 - 7 a 1 29 2 l ys 14 l ys
2 arg : 2000 1000 arg l y s :20003 arg l ys leu pan cys
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Ö8Ó a arg ly s + T ÜT 20- 2- 16  A met ade ( f u s i o n  y i e l d : '■TxTff-* T )
1 2 3 4 5
fp7-2 A 190 2 met : 2000 0 : 2000
fp7-4 Myz + 365 0 : 2000 0 : 2000
The f p - h y b r i ds  d i f f e r  in DNA co nt e nt  and the amount i s  not  a 
s i mple  ad d i t i o n  of  t h a t  of  the parental  s t r a i n s .  The f p - hy br i ds  
were g e n e t i c a l l y  s t a b l e  but in one cas e  i t  was p o s s i b l e  to i n ­
duce a very high proport i on  of  m i t o t i c  s e g r e g a n t s  which c o n t a i n ­
ed a l l  four auxotrophi c  markers and a d d i t i o n a l l y  the cys-marker  
which was probably h e t e r o z y g o t i c  and s i t u a t e d  in one o f  the pa­
rent a l  s t r a i n s .  Observat i ons  o f  format ion of  c o l o n i e s  o f  f p - h y b ­
r i ds  on f u s i o n  agar showed t hat  the i n i t i a l  f u s i o n  product  i s  
y e a s t - l i k e .  Af t er  propagat i ng  by budding f o r  a few t imes d i f f e r e n ­
t i a t i o n  may occur .  The complete  turnover  to d i k a r y o t i c  mycel ium 
could be d e t e c t e d .  In a d d i t i o n ,  we found f p - hy br i ds  deve l op i ng  
as s t a b l e  y e a s t  c o l o n i e s  and some f p - h y b r i ds  remaining as po t e n ­
t i a l  mycel ium forming y e a s t s  (Myz+ ) which produce mixed c o l o n i e s  
of  y e a s t s  and mycel ium.  Nuclear s t a i n i n g  by means of  Giemsa-dye  
showed t hat  the mycel ium formed by Myz+ s t r a i n s  i s  u n i n u c l e a t e .  
The Myz+ property  i s  g e n e t i c a l l y  s t a b l e .  On the u n i n u c l e a t e  
mycel ium v i a b l e  t e l i o s p o r e s  are formed which are able  to germi ­
nate and to form s p o r i d i a .  The Myz+ y e a s t  popul at i on  i s  uni nuc­
l e a t e ,  too .
DISCUSSION
The r e s u l t s  show t h a t  in most cases  s t a b l e  f p - hy br i ds  could be 
c o n s t r uc t e d  by p r o t o p l a s t  f u s i o n .  Genet i c  s t a b i l i t y  seems to be 
p o s s i b l e  in hybrids  p o s s e s s i n g  a wide range o f  DNA c o n t e n t .  The 
data of  mating behavi our ,  DNA c o n t e n t ,  g e n e t i c  s t a b i l i t y  and the  
s p e c t r a  o f  induced m i t o t i c  s e g r e g a n t s  show t h a t  q u i t e  d i f f e r e n t  
hybrids  may a r i s e  from one f u s i o n  exper iment .  Probably f u s i o n s  
between more than two p r o t o p l a s t s  may occur .  I t  i s  assumed t hat  
in most cases  immediate ly a f t e r  f us i o n  o f  s t r a i n s  wi th i d e n t i c a l  
mating type a hybrid nucleus  i s  formed which has to be balanced  
during the f ur t he r  d i v i s i o n s .  I t  seems that  the occurrence  of  
g e n e t i c a l l y  uns t a b l e  f u s i o n  products  i s  dependent  on the fused  
s t r a i n s .  The r e s u l t s  of  f u s i o n s  between s t r a i n s  o f  o p p o s i t e  
mating type were s u r p r i s i n g ,  because in sexual  c r o s s e s ,  only d i ­
k a r y o t i c  mycel i a  are formed.  The occurrence  o f  s t a b l e  uni nuc l ea t e  
y e a s t - l i k e  f p - hy br i ds  and Myz + hybrids  l eads  to the assumpt ion  
t ha t  f or  mycel ium format ion not only two d i f f e r e n t  nuc le i  are
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n e c e s s a r y  but two nuc l e i  in a s p e c i a l  c o n d i t i o n .  The phenomenon 
t h a t  s p o r i d i a  o f  Rhodoi,pon.-idlu.m s p e c i e s  are able  to form myce­
l ium wi t hout  c o nj ug a t i o n  i s  known from l i t e r a t u r e  ( 1 ,  10) .  Since  
only in f u s i o n s  between s t r a i n s  of  o p p o s i t e  mating type Myz+ hyb 
r i ds  are formed,  i t  i s  assumed t h a t  the f p - h y b r i ds  are h e t e r o ­
zygous f or  the mating t ype .  Perhaps many f p - hy br i ds  are s t a b l e  
a n e u p l o i d s .  P r o t o p l a s t  f u s i o n  and s exual  cros s  of  Rhodoi>pon.ld-iu.m 
to?iulo-Lde.A may l ead to d i f f e r e n t  product s .  As wi th sexual  c r o s ­
ses  p r o t o p l a s t  f u s i o n  between s t r a i n s  o f  o p p o s i t e  mating types  
g i v e s  r i s e  to d i k a r y o t i c  mycel i a  but ,  in the l a t t e r  c a s e ,  only  
at á low frequency.
SUMMARY
PEG-mediated f u s i o n s  between p r o t o p l a s t s  of  d i f f e r e n t  mutants of  
the same s t r a i n ,  o f  d i f f e r e n t  s t r a i n s  wi th i d e n t i c a l  mating type  
and of  d i f f e r e n t  s t r a i n s  wi th o p p o s i t e  mating type were analysed  
The g e n e t i c  consequences  of  p r o t o p l a s t  f u s i o ns  were s t ud i e d  by 
means o f  spontaneous  and a c r i f 1 a v i ne - i nduce d  s e g r e g a t i o n ,  d e t e r ­
minat ion o f  mating t y p e s ,  and the DNA content  per c e l l .  I t  was 
found t h a t  most l y  s t a b l e  fp - hybr i ds  can be formed but d i f f e r e n t  
hybrids  can a r i s e  from one f us i o n  e x p e r i ment . Whereas in f u s i o n s  
between s t r a i n s  o f  i d e n t i c a l  mating type g e n e r a l l y  monokaryot ic  
y e a s t  c e l l s  o ccur ,  in f u s i o n s  between s t r a i n s  o f  o p p o s i t e  mating 
type d i k a r y o t i c  mycel ium occurs  too.  In c o n t r a s t  to s exual  c r o s ­
s e s ,  however,  y e a s t - l i k e  f p - hy br i ds  were formed as w e l l .  The l a t  
t e r  are in most cases  u n i n u c l e a t e  but a l s o  d i k a r y o t i c  y e a s t s  
were found.  Some o f  the f p - h y b r i ds  are y e a s t s  which are ab l e  to  
form u n i n u c l e a t e  myce l i a .
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HYBRIDIZATION OF P1CH1A GUILLIERMONPII BY 
PROTOPLAST FUSION
U. Kl i nner ,  F . Böt tcher  and I . A. Samsonova
Sekt ion B i o l o g i e ,  Ernst - Moritz - Arndt U n i v e r s i t ä t  
Grei f s w a l d , G. D.R.
Hybr i d i za t i on  by p r o t o p l a s t  f us i o n  (1 ,  2) should be a us e f u l  me­
thod to enhance the p l o i dy  l e v e l  o f  y e a s t s  in a parasexual  way.
We have performed a f us i o n  programme between d i f f e r e n t  y e a s t  mu­
t a nt s  and s t r a i n s  of  P-Lohia gu-Lll-Le.amondi.-L with the i n t e n t i o n  to 
enhance the p l o i dy  l e v e l  by two or three  t imes r e s p e c t i v e l y .
In order to ach i eve  t h i s ,  we fused d i auxot r oph i c  mutants which 
po s s e s s ed  one s i m i l a r  mutat ion and got  auxotrophic  f us i o n  hybr i ds .  
The l a t t e r  were then fused wi th d i auxot r oph i c  mutants in order  
to produce pr o t o t r o p h i c  f us i o n  hybrids  wi th the t h r e e f o l d  p l o i dy  
l e v e l  o f  the parental  s t r a i n s .
The f us i on  hybrids  were analysed by induced m i t o t i c  s e g r e g a t i o n .  
Their m i t o t i c  s t a b i l i t y  and t h e i r  DNA content  per c e l l  were i n-  
ves t i  g a t e d .
Fa i r l y  s t a b l e  pro t o t r o p h i c  hybrids  arose  i r. the d i f f e r e n t  f u s i o n  
combi nat i ons .  In the s t a b l e  hybrid c e l l s  we did not f i nd the ex ­
pected high DNA cont e nt  in each ca s e .  The re f ore ,  the enhancement  
o f  the p l o i dy  l e v e l  by p r o t o p l a s t  f us i o n  appears to have l i m i t s  
in P id n ia  g u i l l i e .a m o n d i i .
MATERIALS AND METHODS
Fusions  were made wi th mutants o f  the s t r a i n s  P. g u i t l i z a m o n d i i  
799 and 809,  which we were kindly  given by Dr Zs o l t  (Szeged)  as 
the i mperf ec t  Candida g u i l l i e a m o n d i i .  In our l aborat ory  N. Prahl  
and I .A.  Samsonova have found in mating experiments  t h a t  t hes e  
s t r a i n s  belong to P ia h ia  g u i l Z i z a m o n d i i  and t h a t  they have the  
mating type mat“ .
Mutagenesi s  was performed by UV- l i ght  (3)  and s t a b l e  auxotrophic  
mutants wi th r e v e r s i o n  f r e q ue nc i e s  lower than l o “ 7 were used for  
p r o t o p l a s t  f u s i o n s .
P r o t o p l a s t s  were produced from log phase c e l l s  in p r o t o p l a s t  me­
dium (PPM), c o n s i s t i n g  o f  50 mM Tris-HCl (pH 7 . 5 )  and 0 . 7  M 
MgS0 4 , 30 mg/ml l y o p h i l i z e d  s n a i l  gut j u i c e  and 0.1 % 2 -mer-  
c a p t o e t h a n o l . Af t er  shaking between 2 and 3 hours at  30°C more 
than 99 % of  the c e l l s  were converted to p r o t o p l a s t s .  I n t a c t
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c e l l s  were removed by low speed c e n t r i f u g a t i o n .  For f u s i o n ,  e-  
qual volumes o f  p r o t o p l a s t  s us pe ns i o n  o f  the two f u s i o n  partners  
were mixed and d i l u t e d  wi th 50 mM Tris-CHl (pH 7 . 5 )  to  decreas e  
the MgS04 c o n c e n t r a t i o n  to 0 . 25  M. I t  was then p o s s i b l e  to s e ­
parate  p r o t o p l a s t s  by c e n t r i f u g a t i o n ,  and e i t h e r  PPM or 30 % 
p o l y e t h y l e n e  g l y c o l  (PEG) 4000 wi th 10 or 100 mM CaCl2 was added 
to the p e l l e t .  Af t er  mi x i ng ,  0.1 ml o f  the p r o t o p l a s t  s us pens i on  
was spread on unsupplemented r e g e n e r a t i o n  medium ( s o l i d  y e a s t  
minimal medium c o n t a i n i n g  0 . 35  M MgS04 and 2 mg-/ml b i o t i n ) .  The 
PPM-sample s erved as contro l  for  marker s t a b i l i t y  and spontanr  
eous f u s i o n s ,  and the p r o t o t r o p h i c  f u s i o n  hybrids  could be p i c k ­
ed up from the PEG-plates  a f t e r  s e v e r a l  days .  One part  o f  the  
PPM-sample was d i l u t e d  in PPM and spread on re g e n e r a t i o n  medium 
c o n t a i n i n g  supplements  in order to control  p r o t o p l a s t  r e g e n e r a ­
t i o n .  Fusion products  were c l oned e i t h e r  by s e v e r a l  passages  on 
minimal medium or by mi cromani pul at i on.
Mi t o t i c  s e g r e g a t i o n  was induced by 200 to 750 mg/ml a c r i f l a v i n e  
or by 150 mg/1 benomyl ( 4 ) .
DNA was measured in s t a t i o n a r y  phase c e l l s  ( 5 ) .
RESULTS
Fusions  were performed between d i a u x o t r o ph i c  mutants of  the  
s t r a i n s  799 met-1 n i c - 2  and 809 h i s - 1  ade-3 .  Moreover,  a f us i on  
programme was accompl i shed between d i f f e r e n t  mutants of  the  
s t r a i n  799.
Numbers of  p r o t o p l a s t s  and f u s i o n  y i e l d s  o f  some exper iments  
are shown in Table 1. The f u s i o n  y i e l d  i s  r e l a t e d  to the number 
o f  p r o t o p l a s t  pairs  per ml which were able  to r e generat e  and 
to form c o l o n i e s .
The c e l l  d e n s i t i e s  of  each f u s i o n  partner  used f or  one e x p e r i ­
ment was between 3 . o x i o 8 and 1 . 7 x l o y per ml. In some c as e s  r e ­
g e ner a t i o n  was low and vari ed from one exper iment  to another .  
Perhaps because o f  t h i s  v a r i a t i o n  there  i s  no ev i dence  f or  r e ­
l a t i o n s  between c e r t a i n  f us i on  combinat ions  and t h e i r  f us i o n  
yi e l d.
In the case  o f  some f u s i o n  c o mbi nat i ons ,  we were not able  to  
get  f u s i o n  products  (data not shown).  It  i s  not  c l e a r  whether  
t h i s  i s  the r e s u l t  o f  low f us i o n  f r e q u e n c i e s  or the complete  
absence  of  any f u s i o n  event  which could l ead to s t a b l e  pr o t o ­
t r o ph i c  hybr i ds .  The re f ore ,  i t  was d e s i r a b l e  to i n c r e a s e  f us i o n  
y i e l d s  in order to obt a i n  a l s o  products  o f  low frequency f u ­
s i o n s .  In P. gu .il l le .n m o n d .i l ,  v a r i a t i o n  o f  the CaC12 c o n c e n t r a ­
t i o n  ( e i t h e r  10 to 100 mM), o f  i nc uba t i o n  temperature (between  
room temperature and 40°C) ,  and o f  i nc ubat i on  time in PEG ( b e t ­
ween 1 and 60 min) did not i n c r e a s e  f u s i o n  y i e l d s .  However,  
dimethyl  s u l f o x i d e  (DMS0) caused an i n c r e a s e  as soon i t  was 
added to the PEG s o l u t i o n  (Table 2 ) .  I t  has been known from 
other  authors  t hat  DMS0 i n c r e a s e s  PEG-induced f u s i o n s  between 
both animal c e l l s  or p l ant  p r o t o p l a s t s  ( 6 , 7 ).
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Table 1 Fusion y i e l d  of  some f u s i o n  exper iments
Number of  p r o t o p l a s t s
Parents  per ml which were Fusion y i e l d
able  to regenerat e
799 met- 1 ni c -2 2 . 1x 1o6 1 . 9 x 1 o 4
809 h i s -1 ade -8 1 . 9 x l o °
799
799
as n -1 
met- 1
h i s - 7
arg-3
2 7 7 . oxlo  - 1 . ox l o
1 . o x l o 3- 2 . 2x l o 7 1 . 2 x l o ' 3 - 9 . 5x1 o ' 2
799
799
met- 1 
met- 1
ade-4
arg-3 —'
 
CT
i
CO
 
o 
X
 
X
o 
o o
r
1 . 7x1o " 6
799 asn -1 h i s - 7 a 1 . oxlo® ,  c , -47 . 6x 1o
799 asn -1 i n o -1 1 . 3 x 1 o°
fp 12-1 m e t - 1k
4
1 . o x l o H - 46 . ox l o
799 as n -1 h i s - 8 1 . 5 x 1 o°
fp 15-1 a s n - 1 a ’ k
4
2 . 7xlo
6 3 . 7 x l o ' 4
799 met-1 arg-3 1 . 6x 10
^PEG conta i ned  15 % DMSO
Dfp 12-1 met-1 i s  a f us i o n  product  o f  the combinat ion  
799 met-1 ade-4 + 799 met-1 a r g - 3 ,  and fp 15-1 descends  
from 799 asn-1 h i s - 7  + 799 asn-1 i n o - 1 .
Table 2 I n f l u e n c e  of  DMSO on the f us i o n  y i e l d in the combina
t i  on 799 met-1 arg -3 + 799 asn-1 h i s 7
Expe ri ment
Fusion y i e l d  
PPM
30 % PEG + 
100 mM CaCl2
30 % PEG + 
100 mM CaCl p + 
15 % DMSO
1 2 . 5 x 1 o ” 3 1 . 2x 1o"°
- 3
6 . oxlo
2 0 1 . 3 x 1 o " 6 2 . 2x 1o” 5
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Table 3 Spontaneous m i t o t i c  s e g r e g a t i o n  o f  some f u s i o n  products
Parents Fusion products
Segre gat i  on 
frequenc i  es Markers
8o9 hi s - 1 ade-3 fp 1-6 0 . 1x 10“ 2 _
799 met- 1 n i c -1 fP 1-17 2 . 1x 10"2 a de
fp 1-61 0 . 3 x l 0 ' 2 -
799 met- 1 arg-3 fp 3-1 0 . 2x l 0 " 2 met arg
799 as n -1 h i s - 7 fp 3-8 0.2x1 O' 2 met
fp 3-15 0 . 1x 10” 2 _
fp 3-26 0 . 2x l 0 " 2 met arg
-2
fp 3-33 0 . 3x10 -
fp 3-51 0 . 1x 1 0 " 2 _- 2
fp 3-70 0 . 5x10
799 met -1 ade-4 fp 12-1 met- 1 1 . 5x10"2 met ade arg
799 met- 1 arg-3 fp 1 2-2 met-1 0 . 2x l 0 -2 -
fp 12-4 met-1 0 . 3 x l 0 ' 2 met ade
fp 12-5 met- 1 0 . 4 x 10~ 2 met ade
799 as n -1 h i s - 7 fp 1 5-1 as n -1 6 . 7 x 1 0 " 2 as n i no
799 as n -1 i no- 1 fp 1 5-2 as n -1 6 2 . 4 x 1 O' 2 a s n i n o
fp 12-1 met-1 fp 13-1 1 . OxlO' 2 h i s
799 asn -1 h i s -8 met arg
fp 13-2 0 . 2x 10 '^ h i s
asn met
fp 15-1 asn -1
799 met -1 arg-3 fp 1 6 - 1 0. 3x10
Genotypes of  the f u s i o n  hybrids  were i n v e s t i g a t e d  by induced mi­
t o t i c  s e g r e g a t i o n  wi th a c r i f l a v i n e  or benomyi as i nduci ng  agents  
in most c a s e s ,  the f u s i o n  hybrids  showed h e t e r o z y g o s i t y  for  a l l  
parental  markers i f  a s u f f i c i e n t  number of  s e g r eg a nt s  could be 
i n v e s t i g a t e d .  Only in the hybrid produced by two subsequent  f u ­
s i o n s  (799 met-1 arg-3 + 799 raet-1 ade-4)  + 799 asn-1 h i s - 8 , 
the ade-marker was not  recovered .  In most cases  not  only paren­
ta l  types  but a l s o  recombinants  were s eg r eg a t e d  from the hybrids  
The recombinants  can only a r i s e  i f  karyogamy has occurred in 
the f us i o n  hybrid.  In the f u s i o n  combinat ion between 799 met-1 
arg-3 and 799 asn-1 h i s - 7  we found p r e f e r e n t i a l  m i t o t i c  c o - s e g r e  
gát i on  o f  unl inked parenta l  markers ,  though karyogamy must have 
occurred ( 4 ) .
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The g e n e t i c  s t a b i l i t y  o f  the p r o t o t r o p h i c  f us i on  hybrids  was i n ­
v e s t i g a t e d  by e s t i m a t i ng  the spontaneous  m i t o t i c  s e g r e g a t i o n  
(Table  3 ) .  In the f u s i o n  between the two s t r a i n s  799 met-1 n i c - 2  
and 809 h i s - 1  a d e - 8 , s t a b l e  as u ns t a b l e  hybrids  aros e .  In o ther  
combi nat i ons  only s t a b l e  f us i o n  products  could be found.  In one 
f u s i o n  between 799 asn-1 h i s - 7  and 799 asn-1 ino-1 we obta i ned  
only two f u s i o n  products  wi th both o f  them showing a r e l a t i v e l y  
high spontaneous  s e g r e g a t i o n  o f  asn i no .  The hybrid wi th the  
higher  s t a b i l i t y  was then fused wi th a d i a u x o t r o ph i c  mutant 799 
met-1 arg - 3 .  The r e s u l t i n g  f u s i o n  hybrids  were m i t o t i c a l l y  s t a ­
b l e .
The DNA co n t e nt s  o f  the f u s i o n  hybrids  were measured in orde- to 
get  ev i dence  about t h e i r  p l o i d y  l e v e l s  (Table  4 ) .  In the products 
of  some f us i o n  e x per i ment s ,  we measured a DNA con t e nt  which was 
nea r l y  twice t hat  o f  the p a r e n t s ,  but some f u s i o n  hybrids  con­
t a i ned  only s l i g h t l y  more DNA than t h e i r  pa rent s .  Hybrids wi th  
low or high DNA-content can a r i s e  in one and the same f us i o n  
combi nat i on .
Table 4 DNA-contents of  f u s i o n  products
Parents
DNA-content  
per c e l l
( f g )
Fusion
products
DNA-content  
per c e l l
( f g )
799 met-1 n i c -2 27 + 3(9) fp 1-6 41 + 8 ( 1 2 )
809 h i s -1 ade- 3 22 + 2(9) fp 1-61 28 + 3 ( 8 )
799 met- 1 arg-3 26 + 3(12) fp 3-70 A4 + 2 (15)
799 asn-  1 h i s - 7 28 + 6(3)
799 met -1 arg-3 26 + 3 ( 1 2 )
799 met- 1 ade-4 32 + 2(16) fp 12-1 met -1 48 + 5(12)
fp 12-1 met -1 48 + 5(12) fp 13-1 48 + 3(35)
799 asn -1 h i s -8 34 + 4 (11) fp 13-2 58 + 5(25)
In order to i nc r e a s e  the DNA-content of  the s t r a i n  799 by pro­
t o p l a s t  f u s i o n ,  in the f i r s t  s t ep  the two d i a ux o t r o ph i c  mu­
tant s  799 met-1 arg-3 and 799 met-1 ade-4 were f used .  In t h i s  
way we obta i ned f us i o n  hybrids  auxotrophi c  f or  met.  One of  
t hes e  hy br i d s ,  which conta i ned 83 % o f  the expec ted DNA-content,  
was fused wi th the d i auxot r oph i c  mutant 799 asn-1 h i s - 8 . These  
“ t r i p l e "  hybrids  conta i ned only s l i g h t l y  more DNA than the pa­
re nt a l  f us i o n  product .
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As in o ther  y e a s t s ,  P. g u i l l i z f i m o n d i i  can be hybr i d i ze d  by p r o t o ­
p l a s t  f u s i o n  in a parasexual  way in order to obt a i n  hybrids  wi th  
a twofol d p l o i dy  l e v e l .  The method does not  l ead to s t a b l e  hyb­
rid c e l l s  in each cas e .  The i n s t a b i l i t y  i s  not only l i mi t e d  to 
fusion products  o f  a f us i o n  between c e l l s  of  d i f f e r e n t  s t r a i n s .
In combi nat i ons  o f  c e r t a i n  mutants o f  one and ‘the same s t r a i n  
uns t a b l e  hybrids  can o cc ur ,  whereas ,  s t a b l e  hybrids  a r i s e  out' 
o f  o t her  combi nat i ons .
A lower DNA-content o f  the hybrids  than expec ted  can be the con­
sequence o f  such i n s t a b i l i t i e s  caused by m i t o t i c  chromosome l o s s .  
However,  t h i s  i s  in c o n t r a s t  to the f a c t  t ha t  the f u s i o n  hybrids  
with a DNA-content as high as that  of  the parenta l  s t r a i n s  ( i .  
g. fp 1 - 6 1 ,  Table 4) are heterozygous  f or  a l l  the four parental  
markers.  Another p o s s i b i l i t y  for  e x p l a i n i n g  the low DNA-content  
i s  f us i o n  of  part s  of  the parental  genomes.  The enhancement of  
the DNA cont e nt  to a t h r e e f o l d  l e v e l  o f  the parenta l  s t r a i n s  
has not been s u c c e s s f u l  u n t i l  now. I t  may be t h a t  the chosen 
mutants or f u s i o n  combinat ions  cause i n s t a b i l i t i e s  w i t h i n  the  
f i r s t  m i t o t i c  c y c l e s  and m i t o t i c  chromosome l o s s  l eads  to the  
l ower ing  o f  DNA-content per c e l l .
SUMMARY
Fusions  were performed between and wi t h i n  d i f f e r e n t  s t r a i n s  of  
P i c h i a  gu-LZHzamonddl l  with the i n t e n t i o n  to enhance the p l o i dy  
l e v e l .  S t a b l e  and uns t a b l e  d i p l o i d s  aros e .  S t a b l e  hybrids  con­
t a i n e d  e i t h e r  near l y  the expec ted DNA-content or only  the DNA- 
- c o n t e n t  o f  the p a r e n t s ,  though they were he terozygous  f or  a l l  
parenta l  markers.
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SACCHAROMYCES CEREV1S1AE + SCHI ZO SACCHAROMYCES ROMBE
August in Svoboda
Department of  B i o l o g y ,  Medical  F a c u l t y ,  J . E.  Purkyne 
U n i v e r s i t y ,  66243 Brno,  Czechos l ovaki a
I n t e r g e n e r i c  hybrid c e l l s  prepared by p r o t o p l a s t  f u s i o n  may d i ­
vi de;  however,  t h e i r  f ur t he r  development to t rue  hybrid organ­
isms has not been observed so f a r  ( 1 ) .  For the s tudy o f  morpho­
g e n e s i s  o f  f us i o n  produc t s ,  mi crobi a l  p r o t o p l a s t s  seem to be 
more s u i t a b l e ,  as the hybrid organism can be recovered a f t e r  
the fused p r o t o p l a s t  has rever t ed  to a c e l l .  A s i mple  t echni que  
for  p r o t o p l a s t  preparat i on  and f u s i o n ,  a v a i l a b i l i t y  of  auxotroph­
i c  s t r a i n s  and powerful  s e l e c t i o n  procedures  provi de  a ba s i s  for  
a l arge  s c a l e  e x per i ment a t i o n .  The f i r s t  s u c c e s s f u l  r e s u l t s  have 
r e c e n t l y  been publ i shed ( 2 ) but t h e i r  g e n e t i c  i n t e r p r e t a t i o n  i s  
not wel l  understood y e t .
In the pre s e nt  exper imental  work the method of  p r o t o p l a s t  f us i o n  
was appl i ed  to obta i n  hybrids  from mo r ph o l o g i c a l l y  d i s t i n c t  y e a s t  
s t r a i n s ,  e l l i p s o i d  Sacchanomyc&i ccn.cv i . i lac  and c y l i n d r i c a l  
Sc.h-izoiac.chan.omyc.zi, pombc,  wi th the aim to s tudy morphological  
f e a t u r e s  o f  the hybr i ds .  The r e s u l t s  showed,  however,  that  a l ­
though the f us i on  occurred and hybrid p r o t o p l a s t s  tended to grow,  
no conv i nc i ng  ev i dence  was obta i ned t h a t  o c c a s i o n a l  p r o t o t ro phi c  
c e l l s  were true i n t e r g e n e r i c  hybr ids .
MATERIALS AND METHODS
S t r a i n s : Haploid auxotrophic  s t r a i n s  o f  Sacchanomyc&i c&n&vi i iac  
and S ch i zo iacchanom yc& i  pombc were used.  Their l i s t  and combina­
t i o n s  are g iven in Table 1.
Media: C e l l s  were grown in m a l t - e x t r a c t  medium. S e l e c t i o n  me-
diurn f or  p r o t o p l a s t s  c o n s i s t e d  o f  Leupold’ s minimal medium (3)  
supplemented with 0 . 7  M mannitol  (MM) and 2 % (w/v)  agar (MMA).
P r o t o p l a s t  preparat i on  and f u s i o n : P r o t o p l a s t s  were prepared by 
a r o u t i n e  method ( 4 ) .  The r e l e a s e  of  Sch .  pombc p r o t o p l a s t s  from 
c y l i n d r i c a l  wa l l s  was achieved by washing the d i g e s t e d  c e l l s  with
0 . 7  M ma nni t o l ,  at  3 7 0 c , c o nt a i n i ng  1 % (w/v)  g l u c o s e .  Both 
types  o f  p r o t o p l a s t s  were then washed wi th 0 . 7  M manni to l .  The 
f u s i o n  s us pens i on  conta i ned 5 x l o 7 p r o t o p l a s t s  of  each partner ;  
t hes e  were mixed thoroughly and c e n t r i f u g e d . The p e l l e t s  were
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then suspended in 2 ml o f  35 % (w/v)  p o l y e t h y l e n e  g l y c o l  4000 
(PEG) c o n t a i n i ng  0.1 M CaCl2 . Af t er  20 min of  incubat i on  at  
37°C samples were taken for c y t o l o g i c a l  a n a l y s i s  and re genera­
t i o n  procedures .
Fusion a n a l y s i s : For r e g e n e r a t i o n ,  the t rea ted  p r o t o p l a s t s  were 
mixed with MMÄ and the suspens i on  was poured onto p l a t e s .  To 
f o l l o w the growth a b i l i t y  of  the fused produc t s ,  the s uspens i on  
in PEG was s t reaked on MMA f i l ms  ( 4 ) .  Samples of  PEG-treated 
p r o t o p l a s t s  were a l s o  resuspended in MMA medium c o n t a i n i ng  30 % 
PEG 4000 and incubated in t h i n  l ayers  on p l a t e s .  For c y t o ­
l o g i c a l  o b s e r v a t i o n ,  the PEG-treated p r o t o p l a s t s  were s l owl y  
d i l u t e d  'with MM medium and t h e i r  smears were s t a i n e d  wi th Giem- 
sa»s reagent .  Samples o f  PEG-treated p r o t o p l a s t s  were taken a l ­
so for  preparat i on  of  f r e e z e - e t c h e d  r e p l i c a s  ( 5 ) .
RESULTS AND DISCUSSION
1. C h a r a c t e r i s t i c s  of  Parent Ce l l s  and P r o t o p l a s t s
The c e l l s  o f  parent  s t r a i n s  were of  t y p i c a l  s p e c i e s - s p e c i f i c  
shape ,  e l l i p s o i d  and c y l i n d r i c a l .  The s t a b i l i t y  o f  g e n e t i c  mar­
kers was s u f f i c i e n t l y  high;  no p r o t o t ro phi c  c o l o n i e s  appeared 
on MMA medium from an inoculum o f  l o ” c e l l s .
No marked d i f f e r e n c e s  were found between both types  o f  pr o t o ­
p l a s t s .  Ne i t her  of  them grew on the s u r f a c e  of  MMA media.  S.  
c e n e v i A i a e  p r o t o p l a s t s  i nc rea s e d  in volume,  apparent l y  due to 
enlargement  of  the v a c u o l e s ,  S ck .  pombe p r o t o p l a s t s  became op­
t i c a l l y  denser as the r e s u l t  o f  i n c i p i e n t  c e l l  wal l  regenera­
t i o n .  P r o t o p l a s t s  did not produce v i s i b l e  c o l o n i e s  a f t e r  an 
inoculum of  1 o7 p r o t o p l a s t s  was embedded i n t o  MMA medium. In 
media supplemented with required growth s u b s t a n c e s ,  about 10 % 
o f  S.  c e n e v Í A Í e a  and 20 - 30 % of  S c k .  pombe p r o t o p l a s t s  r e ­
verted to v i s i b l e  c o l o n i e s .
Table 1 S t r a i n s  and t h e i r  combinat ions
Sac ckan om yce A  c e n e v i A - i a e  
trpl  ura4 met4 leu tyr7
291
a
+ Sch-CzoA acchanomyceA  
1137 ade6 hi s  t
pombe
l '
Sac ckan om yce A  c e n e o l A - i a e  
t rpl  ura4 met4 l eu tyr7
291
a
+ S c k l z o A a c c h a n o m y c e A  
hi s 5 - 3 0 3  h"
pombe
Sa ccka nom yceA  ce n e o - iA la e  
his  a
9 + Sch-izoA acchanomyceA  
ade7-50 h"
po-mb e
Sac ckan om yce A  c e n e v i A i a e  
ade2 i 1v 1 trp5 a
11 + S c k i z o A a c c h a n o m y c e A  
hi s5-303 h“
pombe
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2. Fusion
Protoplas t ' s  o f  both types  were mixed to g i ve  n u t r i t i o n a l  comple­
mentat ion (Table 1) .
The a d d i t i o n  of  PEG t o  p e l l e t e d  p r o t o p l a s t s  l ed to a s t rong  ag­
g l u t i n a t i o n .  Upon d i l u t i o n  the a g gre gat e s  were d i s r up t e d  i n t o  
s i n g l e  p r o t o p l a s t s .  I f  the d i l u t i o n  was prolonged up to one hour,  
some p r o t o p l a s t s  remained in c l o s e  c o n t a c t  as groups o f  two or 
thrge  b o d i e s .  The same p i c t u r e  was found when the a g g l u t i n a t e d  
p r o t o p l a s t s  were t r a n s f e r r e d  on MMA f i l m s .  Large bodi es  c o r r e s ­
ponding to fused p r o t o p l a s t s  were not  observed.  S t a i n i n g  o f  PEG- 
- t r e a t e d  and then s l o wl y  d i l u t e d  p r o t o p l a s t s  showed t hat  about  
20 % of  p r o t o p l a s t s  conta i ned  two n u c l e i ,  2 % were t r i n u c l e a t e d  
and a l s o  bodi es  wi th four nuc-lei were o c c a s i o n a l l y  found.  Con­
t r o l  prepa ra t i o ns  t r e a t e d  in a s i m i l a r  way except  PEG, c o n t a i n ­
ed 2 . 3  % (Sac.dnanomyce.í, ceJizvI-blae.) and 5 . 7  % (SckIzoAa.c.c.ha.A.0 - 
mi/c.z.i pombz ) b i n u c l e a r  p r o t o p l a s t s .
The o b s e r v a t i o n  of  f r e e z e - f r a c t u r e d  a g gre gat e s  conf irmed by close  
c o n t a c t  of  p r o t o p l a s t  s u r f a c e s .  On c r o s s - f r a c t u r e d  f a c e s ,  breaks  
in the membrane c o n t i n u i t y  were tound ( F i g . l ) .  On P f a c e s ,  par ­
t i c l e - f r e e ,  rounded areas  were re v ea l ed  s u g g e s t i n g  t h a t  plasma 
membrane f us i o n  was at  l e a s t  i n i t i a t e d  ( 5 ) .  These r e s u l t s ,  t o ­
ge t her  wi th the f i n d i n g s  of  b i n u c l e a t e d  p r o t o p l a s t s ,  i n d i c a t e  
t h a t  the f u s i o n  of  p' rotopl ast s  could occur .  I t  seems t h a t  i t  was 
i n i t i a t e d  in PEG and f i n i s h e d  l a t e r  during r e g enera t i o n  in s e l e c ­
t i on  medium. I t  cannot  be concluded from c y t o l o g i c a l  a n a l y s i s  
whether the b i n u c l e a t e d  bodi es  o f  p a r t l y  fused p r o t o p l a s t s  o r i g i ­
nated from d i f f e r e n t  partners  or from p r o t o p l a s t s  of  the same 
type .
3.  C u l t i v a t i o n  on the Surface  of  MMA Media
As wi th the contro l  p r o t o p l a s t s ,  most o f  the PEG-treated p r o t o ­
p l a s t s  t r a n s f e r r e d  onto the s u r f a c e  o f  MMA did not  grow ( F i g . 2) .  
Among them, l arge  vacuol ated  format ions  appeared a f t e r  12-20 h 
of  i ncubat i on  (F i g .  3 ) .  A p r o g r e s s i v e  i n c r e a s e  in volume of  the 
cytoplasm was accompanied by the format ion of  f i b r i l l a r  w a l l ,  
which was an i n d i c a t i o n  of  a c t i v e  growth.  These growing bodies  
were found in a l l  t e s t e d  combinat ions  at  f r e q u e n c i e s  ranging  
from 10- 4 to 10“5. They were most ly growing out from the ag g re ­
g a t e s .  However,  s i n g l e  growing p r o t o p l a s t s  were a l s o  s een.  A 
s low d i l u t i o n  of  PEG-treated p r o t o p l a s t  mixtures  wi th MM medium 
did not decreas e  the frequency o f  the vacuol ated  b o d i e s .  These 
were not  found in mixtures  of  complementary auxotrophs t hat  
had not been t r e a t e d  wi th PEG.
The occurrence  of  s i n g l e  growing bodies  that  were in c l o s e  prox­
i mi ty  to o ther  p r o t o p l a s t s  s u g g e s t s  t h a t  c r o s s - f e e d i n g  can 
hardly be r e s p o n s i b l e  for  t h e i r  growth.  S i m i l a r l y ,  the f a c t  that  
from the aggregate  composed of  many bodi es  only one or two pro­
t o p l a s t s  were growing can be taken as ev i dence  that  l ack i ng  
n u t r i t i o n a l  s ubs t ances  were not provided by o c c a s i o n a l l y  l ysed  
p r o t o p l a s t s .
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Fig,  1. F r e e z e - e t c h e d  p r o t o p l a s t  aggregate  o f  S.  ceA .ev i.iia c  291 
ana Sch .pomb e  h i s  a f t e r  20 min i nc ubat i on  in PEG. Note the  
border between p r o t o p l a s t s  wi th a f o l d i ng  o f  the membranes.
Fig.  2. Non-growi ng group of  
PEG-treated p r o t o p l a s t s .  In­
cubat i on  on the s ur f a c e  of  
MMA a t  28°C for  three  days.
Fig.  3. Two growing vacuol ated  
format ions  in a group of  non­
growing p r o t o p l a s t s .  Combination
of  S.  c e K e v i i i a e  291 and Sch.  
pombe 1137.
122
INTERGENERIC FUSION OF YEAST PROTOPLASTS
These f a c t s  l ead to an assumpt ion t h a t  the growing bodi es  are  
p r o t o t r o p h i c  and o r i g i n a t e  from s u c c e s s f u l l y  fused 5.  ceAeu-cx-cae 
and Sc h .pom bz  p r o t o p l a s t s .
4.  Regenerat i on in MMA and PEG-Containlng Media
In three  o f  four combi nat i ons  t e s t e d  no r e v e r s i o n  of  p r o t o p l a s t s  
to c e l l s  was d e t e c t e d ,  e i t h e r  ma c r o s c o p i c a l l y  or m i c r o s c o p i c a l l y .  
Spher i ca l  wal l ed  bodi es  wi th no p r o l i f e r a t i o n  a c t i v i t y  could be 
o c c a s i o n a l l y  found a f t e r  a week' s  i n c u b a t i o n .  Af t er  the same i n ­
cubat i on  per i od the combinat ion of  S.  ccA-ZoI i lac  291 wi th Sch .  
pombc h i s 5 - 3 0 3  gave r i s e  to some smal l  c o l o n i e s ,  the frequency  
of  which was l o ~6 or l e s s .  The morphology of  the c e l l s  was e i ­
ther  e l l i p s o i d  or c y l i n d r i c a l ,  as were t h e i r  parent  s t r a i n s .
Their  l i m i t e d  propagat i on c a p a c i t y  did not  permit  g e n e t i c a l  ana­
l y s i s .  Because of  t h e i r  o c c a s i o n a l  occurrence  and ex t remel y  low 
f requency these  c e l l s  cannot  be taken s imply as p r o t o t r o p h i c  re-  
v e r t a n t s  of  fused p r o t o p l a s t s .
In PEG-containing media,  which a l s o  support  c e l l  wal l  regenera-  
t i o n  and r e v e r s i o n  to c e l l s ,  no p r o t o t r o p h i c  c o l o n i e s  from the  
four i n t e r g e n e r i c  combinat ions  were recovered .
The n e g a t i v e  r e s u l t s  can be ex p l a i ne d  by the assumpt ion that  the  
complete  r e s t o r a t i o n  o f  mor phogenes i s ( i . e . c e l l  wal l  r e g e n e r a ­
t i o n  and c e l l  d i v i s i o n )  r e qu i r e s  a c e r t a i n  degree o f  i n t e g r a ­
t i o n  o f  both p a r t n e r s ’ genomes,  wh i l e  growth ( i . e .  t r i g g e r i n g  of  
macromolecular s y n t h e s i s )  i s  ensured by the mere presence  of  the 
complementing genomes in a common cytopl asm.
SUMMARY
An at tempt  was made to produce i n t e r g e n e r i c  hybrids  between two 
mo r p h o l o g i c a l l y  d i s t i n c t  y e a s t  s p e c i e s ,  S a c c k a n o m y c a  c c A c v I i l a c  
and Sclix.zoxaccAaw.omi/cex pombc via t h e i r  p r o t o p l a s t  f u s i o n .  Cyto-  
l o g i c a l  a n a l y s i s  i nd i c a t e d  t hat  f us i o n  occurred.  The fused pro­
t o p l a s t s  were able  to grow on the s u r f a c e  of  s e l e c t i o n  media.
No conv i nc i ng  ev i dence  was obta i ned t hat  o c c a s i o n a l  p r o t o t r o p h i c  
c e l l s  were t rue i n t e r g e n e r i c  hybr i ds .
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HYBRIDIZATION OF YEAST FROM GENUS HANSENULA 
BY PROTOPLAST FUSION
G.V. Savchenko and Yu.G. Kapul tsevi ch
I n s t i t u t e  of  Genet i c s  and S e l e c t i o n  of  
I n du s t r i a l  Microorganisms  
Moscow, USSR
Hybr i d i za t i on  makes i t  p o s s i b l e  to i nc r e a s e  the e f f e c t i v e n e s s  
o f  the s e l e c t i o n  work with y e a s t s  by c o n s t r u c t i n g  new s p e c i e s  
combining v a l uabl e  parental  p r o p e r t i e s .  Sexual  h y b r i d i z a t i o n  i s  
now wi de l y  used in s e l e c t i o n  of  h igher  p l ant s  and baker ' s  y e a s t
Sa cc haaomyczi
Most of  the i n d u s t r i a l  y e a s t  s t r a i n s  producing feed p r o t e i n s  are 
s e x u a l l y  i n a c t i v e .  That i s  why the method of  p r o t o p l a s t  f us i on  
t ha t  has been developed i n t e n s i v e l y  in many l a b o r a t o r i e s  f o r  the  
l a s t  few years  seems to be very promis ing f or  h y b r i d i z a t i o n  of  
such s t r a i n s .  In t h i s  communication the r e s u l t s  o f  experiments  
on p r o t o p l a s t  f us i o n  performed for  h y b r i d i z a t i o n  o f  methanol -  
- u t i l i z i n g ,  non-mating s t r a i n s  of  Hani&nula potymonpha  are pre ­
s e n t e d .  The method was a l s o  developed for  other  H a m z n u l a  s pe ­
c i e s .
STRAINS
Three methano1 - ut i  1i z i n g  s t r a i n s  (ML-3, KT-2, Z) r e s u l t e d  from 
the s c r e e n i ng  programme ca r r i e d  out in our l a bor at ory  were used.  
According to t h e i r  morphological  and p h y s i o l o g i c a l  c h a r a c t e r i s ­
t i c s  t hes e  s t r a i n s  may be r e f e r e e d  to as Ha.niznu.la polymoKpka,  
al though a l l  o f  them lack the important  taxonomic property  of  
s p o r u l a t i o n .  The s tock  s t r a i n  of  H a m z n u l a  polymonpha.  (de Morais 
e t  Maia) VKM 1397 re c e i v e d  from the I n s t i t u t e  of  Microbiology  
of  Acad, S e i .  USSR was also used.  I t  i s  a h o mo t h a l l i c ,  sporogen-  
ous hapl o i d  with very low m e t h a n o l - u t i 1i z i n g  c a p a c i t y .  S t ra i ns  
of  H a m z n u l a  bi.mundali. i  and H a m z n u l a  anomala  were obtained from 
the I n s t i t u t e  of  Technical  Chemistry ( L e i p z i g ,  GDR).
INDUCTION OF AUXOTROPHIC STRAINS
Ni t r o s o g ua n i d i n e  (NG) was usedas  a mutagen.  S t a t i o na ry  c u l t u r e s  
were t r e a t e d  wi th NG ( 200 i i g /ml )  in phosphate b uf f e r  (pH 6 . 5 )  
at  28°C f o r  25-30 min,  then were p l at ed on complete medium 
( y e a s t  e x t r a c t  10 g / 1 , peptone 20 g / 1 , g l uc o s e  20 g/ 1 , agar 20 
g / 1 ) ,  and auxotrophs were i s o l a t e a  a f t e r  r e p l i c a  p l a t i n g  on min­
imal medium ( R i d e r ’ s medium wi th 20 g/1 g l u c o s e ,  20 g/1 agar,  
and v i t a mi n s ) .  The f requency o f  auxotroph appearance was ap-
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prox i mate l y  1-4 % f o r  most of  the s t r a i n s ,  but f or  KT-2 and Z 
i t  was only s e v e r a l  hundredths of  a per cent .  Most o f  KT-2 and Z 
auxotrophs  were l eaky and r e v e r s i b l e .  One may suppose t h a t  p l o i dy  
of  the  s t r a i n s  KT-2 and Z was more than hapl o i d .
Af t er  s eve ra l  passages  s t a b l e  auxotrophs were s e l e c t e d .  These 
auxotrophs  were t r e a t e d  wi th n i t r o s o g u a n i d i n e  again and double  
auxotrophi c  mutants were i s o l a t e d  and used in the f o l l o w i n g  ex-  
peri  ments.
PROTOPLAST FORMATION
P r o t o p l a s t s  were formed by the method reported by Zaikina and 
Lapotyshkina ( 1 ) .  Mutant c e l l s  were grown on supplemented minim­
al medium f or  16 h . ,  washed twi ce  wi th 0 . 04  M 3-mercaptoethanol  
in the same b u f f e r  f or  20 min~at 28°C ( f o r  H. b-imandal lé  0.1 M 
ß-mercaptoethanol  was u s ed) .  Then c e l l s  were t r e a t e d  wi th s n a i l  
enzyme (2 mg/ml) in the same b u f f e r  supplemented wi th 0 . 6  M KC1 
as a s t a b i l i z e r .  Af t er  40-70 min of  enzyme t reatment  (depending  
on s p e c i e s )  more than 99 % o f  the c e l l s  were conver ted  i n t o  pro­
t o p l a s t s .  I n i t i a l l y  e l l i p s o i d  y e a s t  c e l l s  may be seen under the  
mi croscope;  t he s e  are conver ted  i n t o  s p h e r i c a l  forms.  For the  
q u a n t i t a t i v e  e s t i m a t i o n  of  p r o t o p l a s t s  we used the proport i on  of  
c e l l s  which did not  keep t h e i r  v i a b i l i t y  a f t e r  d i l u t i o n  in d i s ­
t i l l e d  water ( on l y  p r o t o p l a s t s  of  the s t r a i n  VKM 1397 were not  
s e n s i t i v e  enough to osmot i c  s hock) .  P r o t o p l a s t s  were c o l l e c t e d  
and washed t wi ce  by c e n t r i f u g a t i o n .  Regenerat i on c a p a c i t y  was 
checked by growth in agar l a y e r .  Complete medium was used wi th
0 . 6  M KC1 or 0 . 4  M CaClo as a s t a b i l i z e r .  The l e v e l  o f  r e g e n e r a ­
t i on  was h igher  wi th 0 . 4  M CaCl2 than wi th 0 . 6  M KC1, but some 
of  the mutants were unable to form c o l o n i e s  ( e . g .  ML-3 met l y s )  
in the presence  o f  t h i s  s t a b i l i z e r .
PROTOPLAST FUSION
The f u s i o n  exper iments  were c a r r i e d  out  as des cr i bed  by S i p i c z k i  
and Ferenczy ( 2 ) .  Freshl y  prepared p r o t o p l a s t  s us pe ns i o n s  of  the  
two mutants ,  each c o n t a i n i n g  2-5x10'  p r o t o p l a s t s ,  were mixed and 
c e n t r i f u g e d .  The s upe rnat ant  was then removed and 1 ml 35 % p o l y ­
e t h y l e n e  g l y c o l  ( mol e cu l ar  we i ght  6 , 0 0 0 )  in 0.01 M CaCl2 was ad­
ded to the p e l l e t ; t u b e s  were g e n t l y  shaken and i ncubated for  20 
min at  28°C. Then samples o f  the mixture were spread onto the  
s u r f a c e  o f  minimal medium c o n t a i n i n g  0.6 M KC1 (or 0 . 4  M C a C12)  
and covered wi th 3 ml o f  the same medium. Af t er  5-7 days proto-  
troph colonies  may be observed.  In control  e x per i ment s ,  p r o t o ­
p l a s t s  o f  each parental  s t r a i n  were p l a t ed  and mixtures  o f  i n ­
t a c t  c e l l s  were t r e a t e d  in the  same way. No p r o t o t r o p h i c  co l oni es  
were observed.  The f us i o n  f requency was c a l c u l a t e d  by comparing 
the number o f  c o l o n i e s  growing on minimal medium to the number 
of  regenerat ed  p r o t o p l a s t s  o f  the mi nor i ty  parent .
-4The f u s i o n  f requency o f  Han-iznula polymonpha.  p r o t o p l a s t s  was 10 
- 6x10"3, There was no remarkable d i f f e r e n c e  in the f u s i o n  f r e ­
quency when double mutants of  the same or d i f f e r e n t  methanol -  
- u t i l i z i n g  s t r a i n s  were used.
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The above f u s i o n  t e c hni que s  were a l s o  used for  o b t a i n i n g  i n t r a ­
s p e c i e s  hybrids  in HanA&nuta anomata  ( l y s  ura x hi s  l e u )  and H. 
bimu.nda.llA (ade l ys  x arg c y s l .  Prc tot rophs  were formed wi th  
the frequency 6 . 7x 10" 5 - 1 . l x l 0 "4  , wi th the b e s t  r e s u l t s  being  
obtai ned with H. anomata  in 0 . 4  M CaC12 and with H. bimundat iA  
in 0 . 6  M KC1. Some exper iments  on i n t e r s p e c i e s  p r o t o p l a s t  f u ­
s i on  were c a r r i e d  out  wi th m e t h a n o l - u t i 1i z i n g  s t r a i n s  and H. 
anomata  or H. bimunda t iA  , but we have never observed any p r o t o ­
t r o ph i c  growth.
HYBRIDISATION OF HANSENULA SPECIES
CHARACTE.R I ST ICS OF FUSION PRODUCTS
P r o t o t r o p h i c  forms mai nta i ned t h e i r  a b i l i t y  to grow on minimal  
medium through many p a s s a g e s .  Af t er  p l a t i n g  on the complete  me­
dium and r e p l i c a  p l a t i n g  on the minimal medium, c l ones  seemed 
to be r e l a t i v e l y  s t a b l e ,  s i n c e  spontaneous  s e g r e g a t i o n  of  auxo-  
trophs  did not  exceed 1-2 % f or  most of  the fused forms (Table
1) .  Only in the combi nat i on,  KT-2 x VKM 1397,  s i n g l e  uns t a b l e  
c l o n e s  arose  in which the proport i on  o f  auxotrophs reached 30 Í
The c e l l s  o f  f us i o n  products  were "larger than thos e  o f  parental  
s t r a i n s .  M e t h a n o l - u t i 1i z i n g  s t r a i n s  ML-3 , KT-2, and Z were as-  
porogenous .  Al s o ,  t h e i r  f us i o n  products  were not able  to form 
spores  on any of  the s p o r u l a t i o n  media t e s t e d .  Only protot rophs  
which arose  from the f u s i o n  o f  m e t h a n o l - u t i 1i z i n g  s t r a i n s  and 
VKM 1397 formed asc i  on malt  e x t r a c t  agar medium (ME). Among 
them,  c u l t u r e s  may be found wi th rare ( l e s s  than 0.1 %) or few 
a s c i  as wel l  as abundant ly s p o r u l a t e d  c u l t u r e s  (up to 70 % a s ­
c i ) ;  c o l o n i e s  on ME var i ed  in c o l o r  from s l i g h t l y  pigmented to  
b r i g h t  pink.  All  the l a t e r  prototroph c u l t u r e s  were capabl e  of  
a c t i v e  methanol  u t i l i z a t i o n ,  wh i l e  the parental  s t r a i n ,  VKM 
1397,  d i s p l a y e d  only  weak m e t h a n o l - u t i 1 i z i n g  c a p a c i t y ,
HYBRID NATURE OF THE FUSION PRODUCTS
To determine  i f  the protot rophs  were the r e s u l t  of  c e l l  and 
nuc l e i  f u s i o n  one needs to e s t i ma t e  the presence  in the p r o t o ­
trophs o f  parental  auxotrophi c  markers.  We have analyzed auxo­
trophs s e g r e g a t i n g  from prototroph f u s i o n  products  s po nt a ne o us ­
l y ,  or a f t e r  UV- l i ght  t reatment  (known to induce m i t o t i c  recom­
b i n a t i o n ) .  In some exper iments  the c e l l s  were t r e a t e d  wi th para 
f 1uoropheny l a l an i ne  (pFA) or were i r r a d i a t e d  wi th y - rays  for  
the i nduc t i on  of  a n e u p l o i d s .  The r e s u l t s  are pres ent ed  in 
Table 1.
Prot otrophs  t e s t e d  may be seen to harbour a l l  the parenta l  auxo 
t r o ph i c  markers.  The presence  of  recombinant  ( n o n - p a r e n t a l ) 
auxotrophi c  markers s ugges t ed  t hat  f us i o n  of  the nuc l e i  was ne- 
c e s s a r y  f or  recombi nat i on .  The data a l s o  showed t h a t  the b e s t  
r e s u l t  in the d e t e c t i o n  o f  het erozygous  auxotrophi c  markers was 
obtai ned wi th y-ray t reatment .  It  has been shown p r e v i o u s l y  
that  y - i r r a d i a t i o n  induces  aneupl o i dy  in the d i p l o i d  y e a s t  ? i -  
c k ia  pinuA  by chromosome l o s s  ( 3 ) .
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Spontaneous and induced m i t o t i c  s e g r e g a t i o n  o f  the fu-
S t r a i n s
s i on  products
Sponta-
Parental  neous 
markers auxotrophs  
in s i n g l e  
c l o n e s  (%)
Number of  Seg re g a t i ng  
auxotrophs auxotrophi c  
t e s t e d  markers
ML-3 x 
x ML-3
met hi s  x 0.9  
x ade cys 1 . 4 
1. 4
6 0 , spontan 57 met,  2 c y s ,  1 his
9 6 , T- rays  70 met,  8 h i s ,  4 cys  
9 ade,  1 met hi s  
2 hi s  a d e , 1 hi s  c y s ,
1 met c y s ,
2 met hi s  ade cys
T4,pFA 12 met,  1 h i s ,  1 ade met
4 3 , UV - l i g h t  40 met,  2 c y s ,  1 ade
ML- 3x
xV KM 1397
met h i s  x 0 . 25  
x  arg leu 0 . 15  
0. 3  
1 . 2 
0. 3  
0 . 2
23 , s p o n t a n .19 met,  3 l e u ,  1 l eu met
117 ,UV-1i g ht  lOOmetj l l  l e u ,  6 h i s
ML-3xZ ade leu x 0.1 
x met ura 0 . 2
2 , spontan 2 ade
l 8 , UV- l i ght  8 a d e , 2 met ,  1 met ura,
1 l eu met,  4 ade met ura 
( 2 -unknown)
Zx
x V KM 1397
arg l eu x 0 . 4  
x met ura 0 . 4  
0.9  
0.7  
0.7
4 , spont an  2 met ,  2 met ura
( 2 , UV- l i g h t  2 met,  2 met ura,
1 arg ura,  6 arg met ura 
1 arg l eu met ura
KT-2x 
x V KM 1397
ade met x 2 . 5  
x arg leu 9 . 5  
0. 3  
30.  5 
1 . 1 
12.7  
6. 3
1 2 2 , spontan 113 l e u ,  5 arg,  
1 a d e , 3 met
l 5 4 , U V - l i g h t  94 l e u ,  4 arg ,  1 ade 
50 met,  2 arg leu 
3 leu met
ZxZ met ura x 2.3  
x ade leu 1.0
1 2 , spontan,  2 ade,  10 met ura
55 , U V - l i g h t  2 met,  2 l e u ,  4 ade,
43 met ura,  3 met ade,  
1 ade leu
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DNA CONTENT
Some months a f t e r  performing the above ex per i ment s ,  the cont ent  
of  DNA per c e l l  was determined in a l l  i n i t i a l  parental  s t r a i n s  
and in some hybr i ds .  All  o f  t he s e  s t r a i n s  were put in s tock  and 
from time to t ime they were t r a n s f e r r e d  to a f resh  n u t r i e n t  
medium. The r e s u l t s  are present ed  in Table 2.
Table 2 The DNA content  per c e l l  in d i f f e r e n t  
y e a s t  s t r a i n s
St ra i ns DNA -content  
( 1 0 ' 12 g / c e l l )
ML-3 14
VKM 1397 1 5
KT-2 30
Z 29
VKM 1397 x VKM 1397 27
ML-3 x ML-3 29
ML-3 x VKM 1397 29
Z x VKM 1397 30
Z x Z 34
It  may be seen that  parental  s t r a i n s  ML-3 and VKM 1397 had the  
l o we s t  DNA cont e nt  per c e l l  and seemed to be h a p l o i d ,  whi l e  
KT-2 and Z s t r a i n s  had a DNA content  twofol d t hat  of  ML-3 or 
VKM 1397 and seemed to be d i p l o i d .
Thus,  a f t e r  f us i o n  of  ML-3 x ML-3 or ML-3 x VKM 1397 we obtai ned  
d i p l o i s ,  a f t e r  f us i o n  o f  ML-3 x Z or VKM 1397 x Z - t r i p l o i d  
s t r a i n s ,  and a f t e r  f us i on  of  Z x Z - t e t r a p l o i d  s t r a i n s .  Accord­
ing to the DNA c o n t e n t ,  hybrids  r e s u l t i n g  from f u s i o n  o f  ML-3 
and VKM 1397 seemed to be d i p l o i d  as wel l  as those  from LM-3 x 
x Z, VKM 1397 x Z and Z x Z f u s i o n s .  Perhaps ,  t r i p l o i d s  and 
t e t r a p l o i d s  were transformed i n t o  d i p l o i d s  during s t o r a g e .
CONCLUSION
By p r o t o p l a s t  f u s i o n  of  hapl o i d  and d i p l o i d  non-mating s t r a i n s  
o f  Ha.yue.nula polymoApha. i n t r a -  and i n t e r s t r a i n  hybrids  were ob 
ta i ned  wi th d i f f e r e n t  p l o i d y .  The d i p l o i d  hybrids  were s t a b l e  
whi l e  t r i p l o i d  and t e t r a p l o i d  hybrids  were u n s t a b l e .  The i n ­
s t a b i l i t y  o f  t r i p l o i d  and t e t r a p l o i d  s t a t e s  of  H. polymoApha.  
was expressed  as an i nc reas e d  f requency o f  auxotrophic  marker 
s e g r e g a t i o n  and decr eas e  in DNA cont e nt  per c e l l  during the  
s t o r a g e .
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ABSTRACT
Optimum c o n d i t i o n s  f or  preparat i on  and r e g e n e r a t i o n  of  p r o t o ­
p l a s t s  from S a cc ka n o m y co p id i  t d p o t y t d c a ,  Candida gud l ldcnm onddd ,  
Plckla .  pdnui  and Canddda bodddndd  have been s t ud i e d  and p r o t o ­
p l a s t s  o f  Sm, t d p o t y t d c a  and C. gud l tdcnmonddd  were fus ed .  Pro­
t o p l a s t s  of  the i n v e s t i g a t e d  s t r a i n s  have been shown to be able  
to r e g e n e r a t e  on the s u r f a c e  o f  s o l i d  media,  even under l i m i t e d  
growth c o n d i t i o n s .  A l a rg e  number of  i n t r a -  and i n t e r g e n e r i c  
f us i o n  products  was s t u d i e d  c y t o l o g i c a l l y  and g e n e t i c a l l y .  The 
f u s i o n  frequency was higherin i n t r a s p e c i f i c  f u s i o ns  ( 0 . 1- 0 , 6  %) 
than in i n t e r g e n e r i c  ones ( 0.1  %) and depends s t r o n g l y  on the  
s t a t e  o f  p r o t o p l a s t s  and t h e i r  a b i l i t y  to r e g e n e r a t e .  I n t r a s p e ­
c i f i c  hybrid c e l l s  do not d i f f e r  s i g n i f i c a n t l y  from parental  
c e l l s  in s i z e ,  but they do so in DNA c o n t e n t .  Al l  f us i o n  products  
have been shown to cont a i n  only one n uc l e us .  Interger . er i c  f us i on  
products  s e g r e g a t e  a f t e r  few passages  in c o n t r a s t  to i n t r a s p e ­
c i f i c  hybr i ds .
During the l a s t  decade the p r o t o p l a s t  t echni que  has been shown 
to be a very e f f e c t i v e  too l  f or  b iochemi cal  and s ubs t r u c t u ra1 
i n v e s t i g a t i o n s  o f  fungal  and y e a s t  c e l l s  overcoming the b a r r i e r  
re pr es ent e d  by the t h i c k  c e l l  w a l l .  Moreover,  the use of  p r o t o ­
p l a s t s  opened the way to h y b r i d i z a t i o n  exper iments  and g e n e t i c  
s t u d i e s  wi th p l a n t ,  fungal  and y e a s t  c e l l s  l ack i ng  sexual  pro­
c e s s e s ,  even between d i s t a n t l y  r e l a t e d  s t r a i n s  or organi sms.
In re c e nt  y ear s  an i n c r e a s i n g  number o f  papers d e a l i n g  wi th the  
s tudy o f  p r o t o p l a s t  f u s i o n  f or  g e n e t i c a l  purposes  has been pub­
l i s h e d  and s tandard t e chni que s  f or  p r e p a r a t i o n ,  r e g e n e r a t i o n  and 
f u s i o n  o f  p r o t o p l a s t s  from d i f f e r e n t  myce l i a l  fungi  and y e a s t s  
were devel oped in c e r t a i n  l a b o r a t o r i e s  ( 1 - 5 ) .  In p a r t i c u l a r ,  
i n t e r s p e c i f i c  and i n t e r g e n e r i c  hybrids  have been obta i ned from 
Sm. t d p o t y t d c a  and C. t n o p d c a t d i  ( 6 , 7 ) .
To s tudy and improve r e g e n e r a t i o n  of  p r o t o p l a s t s  to complete  
c e l l s  in d i f f e r e n t  y e a s t s  to be used for  f us i o n  or t rans f orma­
t i o n  ex p e r i me n t s ,  p r o t o p l a s t s  o f  the a l cane  u t i l i z i n g  y e a s t s  
S a cchanom ycop id i  Zd.potyd.dca, Canddda gud t tdcnmon ddd  and the
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methanol  u t i l i z i n g  y e a s t s  Candida b o i d i n i i  and P i c h i a  p i n á i  ob­
t a i ned  by s n a i l  enzyme t reatment  were p l a t ed  on s o l i d  minimal  
or complete  media c o n t a i n i n g  d i f f e r e n t  osmot i c  s t a b i l i z e r s .  In 
c o n t r a s t  to Sacc.haKomyc.e.i ce.A.e.viiiae. p r o t o p l a s t s  of  t h e s e  y e a s t s  
show good c e l l  wal l  r e g e n e r a t i o n  on the s u r f a c e  o f  YEPD- and 
minimal media wi th g l u c o s e  as carbon source  or even on mineral  
s a l t  medium wi t ho ut  any carbon s o u r c e ,  s t a b i l i z e d  wi th s o r b i t o l  
( 1 . 4  M) , CaC12 or KC1 ( 0 . 4  M).
By means o f  p o l y e t h y l e n e  g l y c o l  (MW 6000,  40 %) p r o t o p l a s t s  o f  
d i a u x o t r o ph i c  mutant s t r a i n s  o f  the a l cane  u t i l i z i n g  y e a s t  
Sac.c.kan.omycopiii  (C a n d id a ) l i p o l y t i a a ,  be l o ng i ng  to o p p o s i t e  
and l i k e  mating types  have been shown to f us e  and r e g enera t e  on 
s o l i d  agar medi a .
TABLE 1 Combination o f p a r t n e r s  in i n t r a s p e c i f i c  f us i on  
exper iments  wi th Sacakaf iomycopi iA l i p o l y t i ' c ä
M a t  i n g types / Geneti  c markers Fusion frequency
%
A ( 11V, l y s ) + A ( m e t , a d e ) 0 . 1
A ( i 1 V, l y s ) + A (arg , a d e ) 0 . 1
B (arg , a d e ) + B (arg , l eu) 0 . 2
A ( i l v , l y s ) + B (arg , ade ) 0 . 1
A ( i 1 V , l y s ) + B ( a r g , 1 e u ) 0 . 6
Fusion f r e q u e n c i e s  up to 0 . 6  % have been achi eved depending on 
p r o t o p l a s t  t i t e r  but no on mating type .  As shown by scanning  
e l e c t r o n  mi croscopy ,  the c o n d i t i o n  of  p r o t o p l a s t s  and p r e s e r v a ­
t i o n  o f  t h e i r  v i a b i l i t y  s t r o n g l y  i n f l u e n c e  the f u s i o n  f requency  
o f  p r o t o p l a s t s  or the r e g e n e r a t i o n  a b i l i t y  o f  f u s i o n  products  
( Fi g .  1) .  By means o f  s canning e l e c t r o n  microscopy i t  was dem­
o n s t r a t e d ,  t h a t  PEG t r e a t e d  p r o t o p l a s t s  were c l o s e l y  a s s o c i a t ­
ed.  Af t er  washi ng ,  i mpres s i ons  r e s u l t i n g  from a d j o i n i n g  p r o t o ­
p l a s t s  could be demonstrated.  The s u r f a c e  o f  p r o t o p l a s t s  appears  
to be shrunken and covered wi th smal l  p a r t i c l e s ,  probably PEG 
( Fi g .  4 b -d) .
About 150 p r o t o t r o p h i c  hybrid c o l o n i e s  which have been shown to 
be s t a b l e  a f t e r  many passages  were i s o l a t e d .  Fusion products  of  
d i f f e r e n t  mat ing type combi nat i ons :  A + A ,  A + B ,  B + B  were 
s e l e c t e d  f or  c y t o l o g i c a l  and g e n e t i c a l  c h a r a c t e r i z a t i o n .  S i g ­
n i f i c a n t  d i f f e r e n c e s  in c e l l  s i z e  o f  parenta l  c e l l s  and c e l l s  
from hybrids  as de s cr i bed  by other  workers ( 3 , 5 , 9 )  have not  
been recogni zed  as demonstrated by mi cr o s co p i c  measurements.
Some homozygous hybrid c e l l s  t e s t e d  have been shown to be able  
to conjugate  (AA x BB) and s p o r u l a t e  on correspondi ng  media.
The DNA con t e nt  of  f u s i o n  products  was higher  than in parent s ;  
however,  no e xac t  c o r r e l a t i o n  between cont e nt  o f  DNA and s t a t e
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TABLE 2 DNAcont ent  i n c e l l  o f  parenta l  s t r a i n s ,  f u s i o n  products
-----------------rrP T T m T s e x u a l l y  produced d i p l o i d s ( D) "TV Sm. lypoJLy-
t l c a
P a r e n t s / f u s i o n
products
Des i g na t i o n  of  
s t r a i n s ,  mati ng 
types
Content  
f  g / per
o f  DNA 
c e l l
parent  ( n ) S 4 - 2 ( B) 54.7 + 1 . 1
il S 26 / 10  (A) 53. 0 + 1 .7
II S 59 (A) 58.1 + 0.1
II S 64 (B) 70.4 + 0. 2
II S 113 (A) 64 . 8 + 1 . 1
FP 1 S 64 + 4-2 (B+B) 132. 4 + 1 . 1
FP 2 II 165-3 + 1.4
FP 3 II 155. 0 + 1 .4
FP 26 S 26/ 10 + S 59 (A+A) 115 + 0 . 8
FP 27 II I 129.4 + 1 . 1
FP 28 II I 161.0 + 1 .4
FP 65 S 26/ 10 + S 64 (A+B) 102.6 + 1 . 1
FP 80 II I 131.0 + 1 .4
FP 81 II II 123.1 + 0. 6
D 38 ( 2 n ) S 26/ 10 x S 4-2 112.3 + 0. 2
o f  p l o i dy  was e s t a b l i s h e d .  DNA was e s t i mat ed  by the DABA method
( 1 0 ) .
In i n t e r g e n e r i c  f u s i o n  exper iments  the f o l l o w i n g  s t r a i n s  have 
been u s e d :
Sac.c.hasiomycop4lA l l p o l y t l c a  m. t .  A ( a r g ,  a d e ) ,  m. t .  B ( a d e . a r g ) .
Candida g u l l l l í f i m o n d l l  (H) ,  (ade ,  h i s ) ,  (ade ,  ura)
The f u s i o n  f requency in t hes e  exper iments  has been shown to be 
only 0.01  7o.
The nuc l ear  s t a t e  of  hybrid c e l l s  i s  of  general  i n t e r e s t .  On r e ­
g ener at i ng  p r o t o p l a s t s ,  mu l t i p o l a r  budding can be observed s ug­
g e s t i n g  the presence  of  more than one nucleus  or the s u c c e s s i v e  
d i v i s i o n  of  a s i n g l e  nucleus  and f o l l o w i n g  formation of  more
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Fig.  1. D i f f e r e n c e s  in p r e s e r v a t i o n  of  p r o t o p l a s t s .
Scanning e l e c t r o n  micrograph.  Bar re pr es ent s  
1 urn.
Fi g .  2 Regenerat i on of  a f us i o n  product  in Sm. l y p o -  
l y t l c a .  and format ion o f  more than one daughter  
c e l l  from the regenerated mother c e l l .  
Ma g ni f i ca t i o n  1800 x.
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than one bud. This s u g g e s t i o n  i s  based on the obs e r v a t i o n  that  
during p r o t o p l a s t  format ion o f  budding y e a s t  c e l l s  b i n u c l e a t e  
p r o t o p l a s t s  can be formed,  which o r i g i n a t e  in the common r e ­
l ea s e  of  p r o t o p l a s t s  by the mother and daughter c e l l s  both with 
a nuc l eus .  There f o r e ,  in a p r o t o p l a s t  f us i on  experiment  , a 
l arge  number of  b i n u c l e a t e  p r o t o p l a s t s  might p a r t i c i p a t e  in the  
f us i on  p r o c e s s .  This must be cons i dered  when the nuc lear  s t a t e  
of  f us i on  products  or the s eg r e g a t i o n  pat t ern  i s  e s t i mat ed  and 
i n t e r p r e t e d .  The re f ore ,  in our i n v e s t i g a t i o n s  the nuc lear  s t a t e  
of  d i f f e r e n t  hybrid c e l l s  has been s tud i ed  c a r e f u l l y .
However,  in a l l  hybrid c e l l s  i s o l a t e d  from pr o t o t r o p h i c  c o l o ­
n i es  r e s u l t i n g  from i n t e r s p e c i f i c  and i n t e r g e n e r i c  f u s i o n  e x ­
periments  only one nucleus  was shown to be present  by phase 
c o n t r a s t  microscopy in l i v i n g  c e l l s  us ing optimum of  r e f r a c t o -  
metri c  i nd i c e s  ( 11 ) and by f l u o r e s c e n t  microscopy a f t e r  s t a i n i n g  
with a c r i d i n e  orange ,  s u g g e s t i n g  formation of  synkaryons in 
f u s i o n  products  ( Fi g .  3 ) .  In c o n t r a s t  to i n t r a s p e c i f i c  f us i on  
products  which have been shown to be s t a b l e  in prototrophy and 
morphology for  some months,  the i n t e r g e n e r i c  f us i o n  products  
a f t e r  few passages  revea l ed  i n c r e a s i n g  morphological  s i m i l a r ­
i t i e s  to one or the other  i n i t i a l  s t r a i n s  used in f us i on  ex­
periments  and the appearance of  auxotrophic  c l o n e s .  In a pre ­
l i mi nary  study the s e g r e g a t i o n  of  g e n e t i c a l  markers has been 
i n v e s t i g a t e d  by random spore a n a l y s i s  and by h a p l o i d i z a t i o n  
using MBC, Benomyl and p - f 1uoropheny1 a 1 a n i n e . MBC has been 
shown to be most e f f e c t i v e .  The i s o l a t i o n  o f  s t a b l e  hybrids  
or recombinants  by p r o t o p l a s t  f us i on  or t rans format i on  not  
only provide  new g e n e t i c  t o o l s  but a l s o  o f f e r s  the p o s s i b i l i t y  
of  c o n s t r u c t i n g  new microorgani sms.
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Fig.  3 I n t r a s p e c i f i c  hybrid c e l l s  from Sm.
Z l p o t y t i c a  c o nt a i n i ng  only one nuc-  
1eus and a n u c l e o l u s .
( Ge l a t i n e  nQ = 1 , 378)
Magni f i ca t i on  2400 x.
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Fig.  4 Yeast  p r o t o p l a s t s  before  ( a ) ,  during (b) and a f t e r  
( c , d )  t reatment  wi th PEG. Impress ions  (arrows)  r e ­
s u l t i n g  from adj o i n i ng  p r o t o p l a s t s  during PEG-treat-  
ment are v i s i b l e .
Bar r e pr e s e n t s  I ym.
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CONSTRUCTION OF POLYSACCHARIDE-DEGRADING BREWING YEASTS 
BY PROTOPLAST FUSION
Robert C. Hockney and Richard F. Freeman
Research Laboratory, Bass Trade Development Ltd.,  High Street 
Burton-on-Trent, England
Brewing yeasts are strains of Saccharomyces cerevisiae and 
Saccharomyces carlsbergensis having many properties which distinguish 
them from the rather more typical laboratory strains of these species. 
These properties have probably arisen by quasi-natural selection over the 
many mill ions of generations in which they have been used in the brewing 
industry. Brewing yeasts are polyploid or aneuploid and largely 
asporogenous - the few spores which are produced being of low viabi l i ty.  
Such anomalies make the study of these yeasts impossible by conventional 
genetic techniques, and the advent of protoplast fusion has offered 
workers in this f i eld a valuable new method with which to embark on 
strain-improvement programmes.
Fermentation with conventional brewing yeasts produces a beer in which 
remains 20 mg carbohydrate/ml. This is  exclusively non-fermentable 
polysaccharide material of heterogeneous s ize and structure conveniently 
termed dextrin. Saccharomyces diastaticus is able to ut i l i ze  at least  
some of this dextrin, but unfortunately also produces unacceptable 
flavour compounds in beer. The aim of the experiments reported here was 
to produce a hybrid between Saccharomyces carlsbergensis and 
Saccharomyces diastaticus which would produce an acceptably flavoured 
beer containing a reduced concentration of dextrin.
Two major problems had to be overcome before such a hybrid could be 
obtained. F irstly , because the Sacch.carlsbergensis strain SC was 
polyploid i t  obviously proved extremely di f f i cul t  to introduce rel iable 
markers into i t .  Limited success was achieved to this end with the 
isolation of cadmium resistant and adenine requiring derivatives, but 
the problem was better overcome by exploiting the natural vitamin 
requirement of the strain. It has an absolute requirement for biotin  
for growth. Isolation of marked derivatives of Sacch,diastaticus 625 
proved simple since strains could be sporulated on potassium acetate. 
Several multiply marked strains were obtained by sequential mutagenesis. 
The characteristics of strains used in fusions are listed in Table 1.
139
HOCKNEY AND FREEMAN
TABLE 1. CHARACTERISTICS OF STRAINS USED IN FUSIONS.
Strai n Characteristics Source
SC bio Bass reference collection
SC-Cd30.4 bio CdH U.V. mutagenesis of SC
SC-A1 bio ade U.V. & nystatin enrichment of 
SC
625 bio pan Brewing Research Foundation 
Yeast Collection
625-111 bio pan ade met thr U.V. of 625 after sporulation
625-112 bio pan trp ade i le  cys U.V. of 625 after sporulation
L164R bio pan Bass reference collection
Symbols bio pan and CdH specify biotin requirement, pantothenate 
requirement and resistance to ImM CdS04 respectively.
The second major problem to be overcome was the regeneration and 
selection of hybrids from the fusion. The regeneration frequency of 
Sacch.diastaticus protoplasts on dextrin (rather than on glucose) varied 
with strain from a negligable level to a few percent. Regeneration was 
extremely slow, typically taking 3 - 4  weeks and even after this time 
colonies were extremely small. In addition picking of colonies for 
analysis from within agar gels was both ineffic ient and tedious. To 
alleviate these problems several modifications to the basic regeneration 
system were investigated. Some of these are shown in Table 2. Although 
washing in sorbitol supplemented with amyloglucosidase markedly 
stimulated regeneration of Sacch.diastaticus protoplasts, problems were 
envisaged in counterselecting against the SC parent in crosses, since 
this strain could form small colonies on the products of dextrin 
hydrolysis by the enzyme. 30% gelatin (1) was therefore adopted for 
regeneration in fusions since i t  allowed quantitative recovery of 
regenerated protoplasts for a two stage selection of hybrids.
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TABLE 2 . REGENERATION FREQUENCIES OF SACCH. DIASTATICUS PROTOPLASTS IN DIFFERENT REGENERATION SYSTEMS.
The standard procedure was to wash helicase-prepared protoplasts three times in 1.2M sorbitol, spread 
on 3% agar plates and then overlay with the same medium.
Regeneration System % Regen. Comments
Standard 3% agar. Glucose as C-source 10 Control
Dextrin as C-source 3.4 Very slow. Small colonies.
Dextrin + Tween 80 (10mg/ml) + ergosterol (25yg/ml) 4.0 Faster regeneration. Larger colonies
Wash in glucose (10mg/ml 1 ,2M sorbitol ) 0 Complete lys i s  on washing.
Wash in amyloglucosidase (1 .On 1 /ml sorbitol) 10 Regeneration comparable to glucose.
Add cellophane sheet between protoplasts 
and top layer.
2.8 Fast regeneration. Colonies sampled 
by l i f t i ng cellophane.
30% gelat in.  Glucose as C-source N.D. Micro-colonies after 24h. Easily 
removed by dissolving gelatin.
Unless otherwise stated carbon-source for regeneration was dextrin (10mg/ml).
N.D. : Not determined.
C
O
N
STRU
C
TIO
N
 
OF 
P
O
LT SAC
C
H
ARID
E 
D
EG
RAD
ING
 
BREW
ING
 
YEAST
HOCKNEY AND FREEMAN
The f i r s t  diastaticus-carlsberciensis hybrids were obtained from a 
fusion of SC-A1 and 625-111. To improve the yield of hybrids the 
diastatic  strain in this cross was U.V. irradiated to 99.99% kil l  before 
protoplasting as suggested by Hopwood and Wrignt (2) .  After fusion 
protoplasts were regenerated for 24h. in gelatin media selecting against 
625-111 only, released from the gel by dissolution in di s t i l l ed  water and 
counterselection against SC-A1 applied by inoculation into media 
containing dextrin as sole carbon-source. The procedure is  set out in 
detai 1 in Figure 1 .
SC.A1 x 625-111
bi_o acte bio pan ade met thr
4
U.V.IRRADIATED to 99.99% kil l
4- 4
PROTOPLASTED (10^ cel l s  pretreated with 0.1M Mercaptoethanol, washed 
in 1 ,2M Sorbitol, digested with 10% Helicase in Phosphate-Citrate- 
Sorbitol Buffer 1.5h at 30°C)
MIX 5 x 10? each strain
+
FUSE 1ml 40% PEG 4000 - lOmM CaCl2 in TRIS-HC1 pH 7.5
4
REGENERATE 24h.
30% Gelatin, Yeast Nitrogen Base + ade + Glucose + 1.2M sorbitol
4
DISSOLVE GELATIN, WASH in NaCl, STARVE 0/N in 
Yeast Nitrogen Base - Vitamins + Glucose
4
WASH in NaCl
4
LIQUID Yeast Nitrogen Base - Vitamins + bio + ade + dextrin
4
PLATE, PURIFY AND TEST HYBRIDS.
FIGURE 1 . PROCEDURE FOR ISOLATION OF SACCH. DIASTATICUS- 
CARLSBERGENSIS HYBRIDS.
The products of this fusion were morphologically indistinguishable 
from SC-A1 on WLN agar (Plate 1), but were able to ut i l i ze  dextrin. They 
had an absolute requirement for biotin and retained a leaky requirement 
for adenine. They did not require methionine or threonine.
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PLATE 1 ■ APPEARANCE OF PARENTAL & HYBRID STRAINS ON WALLESTEIN AGAR.
625-111 : Sacch.diastaticus parent. SC: Sacch .carlsbergensis parent. 
H] and H2: Independent hybrids.
Their fermentation profiles were of the SC rather than 625 type 
except that the residual carbohydrate concentration in the beer was lower 
than with SC. These results are consistent with the interpretation that 
the products of the fusion are true diastaticus-carlsbergensis hybrids. 
Further experiments are in progress to verify this conclusion.
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The method o f  p r o t o p l a s t  f u s i o n  has been cons i dered  f or  s ev e ra l  
y e a r s  as a method of  o b t a i n i n g  new hybrids  o f  brewer ’ s and d i s ­
t i l l e r ’ s y e a s t s .  While s u c c e s s f u l  f u s i o n  of  protoplasts from Sac-  
chan.omijc.ti s p e c i e s  has been obta i ned by s e v e r a l  workers ,  the  
y e a s t  s t r a i n s  employed have normal ly been l a bor at ory  s t r a i n s ,  
ca r ry i ng  var i ous  auxotrophi c  markers ,  which made i s o l a t i o n  of  
the hybrid s t r a i n s  r e l a t i v e l y  eas y .  Brewing y e a s t s ,  being most ly  
d i p l o i d  or o f  higher  p l o i d y ,  pre s e nt  d i f f i c u l t i e s  to  the g e n e t ­
i c i s t  a t t empt i ng  to i nt roduce  auxotrophi c  markers i n t o  producing  
s t r a i n s ,  s i n c e  such auxotrcphs  are f r e q u e n t l y  of  co n s i d e r a b l y  
reduced v i gor  in the f i r s t  p l a c e ,  and a r e ,  in a d d i t i o n ,  uns t abl e  
Thus,  the product i on of  s t r a i n s  carry i ng  adequate markers to per 
mit i d e n t i f i c a t i o n  and i s o l a t i o n  of  the hybrids  formed on f us i o n  
of  the p r o t o p l a s t s  pre s ent s  s p e c i a l  problems f or  i n v e s t i g a t o r s  
using brewing y e a s t s .
Fewer d i f f i c u l t i e s  are encountered in the i n t r o d u c t i o n  of  mi t o ­
chondr ia l  rather  than chromosomal markers i n t o  brewing y e a s t s .  
Both p e t i t e  mutat ions  and mutat ions  to a n t i b i o t i c  r e s i s t a n c e  can 
be r e a d i l y  obt a i ne d .  S t r a i n s  r e s i s t a n t  to various  heavy metal s  
(Mn, Cu, Co and N i ) can a l s o  be obta i ned wi thout  d i f f i c u l t y ,  
though the p r e c i s e  l o c a t i o n  of  t he s e  markers in brewing y e a s t s  
i s  not always known. In t h i s  paper we report  the use of  mi t o ­
chondr ia l  markers to i s o l a t e  hybrids  obta i ned by f u s i o n  of  pro­
t o p l a s t s  from some brewing and d i s t i l l e r ’ s y e a s t s ,  and pres e nt  a 
protoco l  f or  use by i n v e s t i g a t o r s  wi s h i ng  to use t h i s  method to 
obta i n  s i m i l a r  hybr ids .
MATERIALS AND METHODS
Yeast  s t r a i n s . The s t r a i n s  used were YS 2968,  a d i s t i l l e r ’s 
y e a s t ,  0K17, 0K20, LI and DICH, brewing y e a s t s  from various  
s o u r c e s ;  and NCYC 625,  a s t r a i n  of  S a cchanom yc t i  c U a i t a t i c u i ,  
obtai ned through Bass -Charri ngton Limi ted.  The chloramphenicol  
and e r y t h r o m y c i n - r e s i s t a n t  s t r a i n s  of  NCYC 625 and the e r y t hro -  
my c i n- res i s ta n t s t r a i n  of  DICH were made by s e l e c t i o n  on a n t i ­
b i o t i c - c o n t a i n i n g  media a f t e r  t reatment  in a medium c o n t a i n i ng  
8 mM MnCl2 according  to the method of  Putrament et al. (1). NCYC 625 
(S. d i a . i t a t i c . u i )  normal ly grows on s t arch  as a s o l e  carbon
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TABLE 1 Protocol  f o r  p r o t o p l a s t  formation and fus i on
Grow c e l l s  to 10® ml 
( e x po nent i a l  phase)
Spin down 2 ml
I
Incubate 10 min at  37°C 
with 4 ml of  pret reatment  
s o l u t i o n 1
I
Wash once wi th 1.2 M 
s o r b i t o l  s o l u t i o n
I
Resuspend in buf fered  
protop 1 a s t i n g  s o l n 2
I
Add 0 . 1 - 0 . 1 5  ml of  
s n a i l  enzyme
Incubate at  37°C u nt i l  
p r o t o p l a s t i n g  i s  
comp 1e t e
I
Spin down (500 xg)
I
Wash twi ce  in 0 . 4  M CaC^
Resuspend in 0 . 4  M CaClp 
and count
I
Mix equal numbers of  
p r o t o p l a s t s  to a t o t a l  
of  10  ^ p r o t o p l a s t s
I
Spin down, 500 xg,  and r e ­
move supernatant  
V
Add 2 ml of  35 % PEG soln  
and resuspend,  gent l y
Incubate 10 min at  37°C
I
Di l u t e  1 Ox and 1OOx i n 
35 % PEG s o l u t i o n
I
Di l u t e  i n t o  melted OSA3 456
at  44°C and pour over 0SY 
agar4-6  and any other  
media d e s i r e d .
Use p l a t e s  prewarmed to 
37°C. Incubate at  30°C.
1 Pretreatment  s o l u t i o n  co nt a i ns  t r i s - b u f f e r ,  pH 7 . 8 ,  0 . 2  M; 
EDTA, 0 . 02 M; ß - me r c a p t o e t ha n o l , 0.1 M, and s o r b i t o l ,  1.2 M.
2
P r o t o p l a s t i n g  s o l u t i o n  co nt a i ns  p h o s p h a t e - c i t r a t e  b u f f e r ,  
pH 5 . 8 ,  and s o r b i t o l ,  1 . 2  M.
30SA = 1 . 5 %  agar + 0 . 6  M KC1.
40SY = 1.5 /  agar + 1.0 % g l uc o s e  + 0 . 5  % y e a s t  e x t r a c t  + 0.6M 
KOI .
50SSG = 1.5 % agar + 2 % g l y c e r o l  + 2 . 0  % s o l u b l e  s tarch  +
+ 0 . 6  M KC1 + 0 . 5  % y e a s t  e x t r a c t .
60SS = 1.5 % agar + 2 % s o l ub l e  s tarch  + 0 . 5  % y e a s t  ex t rac t +
+ 0 . 6  M KC1.
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s o u r c e ,  and the e r y t h r o m y c i n - r e s i s t a n t  s t r a i n  o f  DICH a l s o  pro­
duces zones of  c l e a r i n g  when grown on a s t a r c h - c o n t a i n i n g  medium.  
The p e t i t e  forms of  t he s e  three  a n t i b i o t i c - r e s i s t a n t  s t r a i n s  
were made and then used in the f u s i o n  p r o c e s s .
Genet i c  Techniques
S po r ul a t i  on was done in a l i q u i d  medium (McClary’ s )  i n o c u l a t e d  
( 1 : 1 0 )  wi th a 48-hr  c u l t u r e  grown in YEP-glucose medium at  30°C,  
and i ncubated f or  3 days ,  wi th a e r a t i o n ,  at  28-30°C,  S po r ul a t -  
ing c e l l s  were recovered and washed t wi c e  wi th s t e r i l e  wat e r ,  
and s t o r ed  in the r e f r i g e r a t o r  u n t i l  requi red .
D i s s e c t i o n s  were done a f t e r  d i g e s t i o n  of  the ascus  wal l  wi th  
s n a i l  d i g e s t i v e  j u i c e ,  us ing a f l a t - e n d e d  needl e  and a Singer  
mi cromani pul ator ,  by the method of  Johnston and Mortimer ( 2 ) .
P r o t o p l a s t  f ormat i on was done according  to a protoco l  provided  
by the Department of  G e n e t i c s ,  U n i v e r s i t y  o f  Washington.  Prot o ­
p l a s t  f u s i o n  was c a r r i e d  out  according  to the protoco l  used by 
Ferenczy ,  f or  Candida tn .o p l c .a l l i  ( 3 ) .
The methods used are summarized in Table 1.
The p r o t o p l a s t i n g  was ca r r i e d  out by us ing s n a i l  d i g e s t i v e  
j u i c e .
Aft er  f u s i o n  and p l a t i n g  on OSY agar ,  the p l a t e s  were incubated  
at  30°C u n t i l  c o l o n i e s  began to appear.
At t h i s  p o i n t ,  s e v e r a l  methods were used for  i n i t i a l  s e l e c t i o n  
of  hybr i ds .  S ince  s t r a i n s  NCYC 625 and DICH-Er both gave zones  
of  c l e a r i n g  on s t a r c h - c o n t a i n i n g  media,  the c o l o n i e s  showing  
such zones on OSSG and OSS media,  c o n t a i n i n g  s t arch  + g l y c e r o l  
and s t arch  only as C s o u r c e s ,  the c o l o n i e s  showing z o n e s ,  a f t e r  
r e f r i g e r a t i o n  of  the OSSG and OSS media f or  s e v e r a l  days ,  were 
picked and t e s t e d  f u r t h e r .  In a d d i t i o n ,  c o l o n i e s  were picked  
at  random from regenerant s  on OSY p l a t e s  and t e s t e d  f or  s tarch  
h y d r o l y s i s ,  growth on YEP-glycerol  and r e s i s t a n c e  to chloram­
pheni co l  and erythromycin.  F i n a l l y ,  regenerant s  on OSY p l a t e s  
were r e p l i c a - p l a t e d  by v e l v e t  pad to CAP and erythromycin media,  
and c o l o n i e s  growing on t h e s e  media were a l s o  picked and t e s t e d .
MITOCHONDRIAL MUTANTS IN  THE ISOLATION OF HYBRIDS
RESULTS AND DISCUSSION
As can be seen from Table 2,  as would be e x p c e t e d ,  more r e s p i ­
ra t ory -competent  s t r a i n s  (growth on g l y c e r o l )  which showed 
s t a r c h - c 1ear i ng  were obta i ned from the OSSG and OSS media than 
from random s e l e c t i o n  from c o l o n i e s  on the OSY p l a t e s .  Most of  
the s t r a i n s  obtai ned were r e s i s t a n t  to chloramphenicol  and e r y t h ­
romycin,  but in c r o s s e s  wi th YS 2968 t h i s  was not  regarded as 
s i g n i f i c a n t ,  s i n c e  the l a t t e r  s t r a i n  proved to have some r e s i s ­
tance to t h e s e  a n t i b i o t i c s  normal ly.
In c r o s s e s  of  625-Cr (p) and 625Er (p) wi th 0K17 and 0K20, which 
were s e n s i t i v e  to t hes e  a n t i b i o t i c s ,  regenerant s  a r i s i n g  on 
OSY agar were r e p l i c a t e d  to CAP and er y t h r o my c i n - c o nt a i n i ng  me-
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TABLE 2 S t ra i ns i s o l a t e d from f p s i o n of  brewing y e a s t s
S t r a i n s  Number o f  
fused i s o l a t e s
No . c l e a r i n g  
s t arch
Growth 
on YEPG Spo Cr E r
625-Cr (p)x LI 8 4 8 (w) 2 0 -
625-Cr (p)x2968 24 10 24 9 24 -
DICH-Er (p)x2968 32 12 32 32
d i a ,  and c o l o n i e s  growing on t h e s e  media were i s o l a t e d .  On t hes e  
media,  both parent  s t r a i n s  were e f f e c t i v e l y  e l i m i n a t e d ,  and only  
hybrids  obta i ned by f u s i o n  would be expec ted  to grow. While t he s e  
hybrids  have not been compl e t e l y  c h a r a c t e r i z e d ,  a l l  gave c l e a r ­
ing zones on s t arch  media,  as expec ted  (data not  shown).
The progeny of  some of  the l i n e s  were i s o l a t e d  a f t e r  s p o r u l a t i o n  
and d i s s e c t i o n  and t e s t e d  f u r t h e r ,  in p a r t i c u l a r  f or  s t arch  c l ear -  
i ng .
TABLE 3 Segregant s  from s p o r u l a t i n g  s t r a i n s  i s o l a t e d  from;
ri ds
S t r a i n Totalspores
Viable  Large 
spores  c o l o n i e s Tetrads  Starch c l e a r i n g  t e s t e d  +
625-Cr (p) 
x 2968
- 2 A 44 33 17 2 24 1 6 8
-2E 44 44 22 1 1 23 4 19
- 3C 40 28 1 5 3 21 1 2 9
-3D 40 37 21 8 25 1 2 13
DIC H-E r ( P) 
x 2968 
10-2E 52 50 25 1 1 24 9 15
11C 48 48 24 1 2 26 1 2 1 4
As can be seen from Table 3,  s e g r e g a t i o n  f or  s t arch  c l e a r i n g ,  
on a random-spore b a s i s ,  was approximate l y  2 : 2 , as would be e x ­
pected i f  t h i s  c h a r a c t e r  i s  under the cont r o l  o f  a s i n g l e  nuc­
l ea r  gene.  However,  the behavi or  o f  the s i n g l e - s p o r e  c l ones  ob­
t a i ned  from t h e s e  s t r a i n s  reduces  the accuracy o f  t h e s e  data to 
some e x t e n t  at  l e a s t .  While t o t a l  spore v i a b i l i t y  was h igh,  as 
determined by t h e i r  i n i t i a l  growth on the d i s s e c t i o n  medium,
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s e g r e g a t i o n  between normal and p i n - p o i n t  c o l o n i e s  was 2:2  in 
almost  a l l  a s c i  t e s t e d ,  and whi l e  the normal c o l o n i e s  grew 
even more v i g o r o u s l y  than i s  u s u a l l y  o bs erv e d ,  not a l l  o f  the  
p i n - p o i n t  c o l o n i e s  gave r i s e  to v i a b l e  c l o n e s .  The e xac t  s e g r e ­
ga t i on  r a t i o s  are thus in some doubt as a r e s u l t .  However,  only  
in the case  o f  s t r a i n  2E o f  the cross  625-Cr (p) x 2968 was a 
r e l a t i v e l y  low r a t i o  o f  p o s i t i v e  to n e g a t i v e  c l o nes  obta i ned in 
the s t a r c h - c l e a r i n g  t e s t .  Where complete  t e t r a d s  were o b t a i n e d ,  
2 :2  s e g r e g a t i o n  was f r e q u e n t ,  as expec t ed .
The protoco l  s ugges t ed  for  the use of  mi tochondr i a l  markers in 
the h y b r i d i z a t i o n  of  brewing y e a s t  s t r a i n s  i s  shown in Table 4.
TABLE 4 Sugges ted procedure f or  h y b r i d i z i n g  brewing y e a s t s  
(_]_) S e l e c t  s t r a i n s  to be fused
(2)  Test  s t r a i n s  f or  a n t i b i o t i c  r e s i s t a n c e  and s e l e c t  an a n t i ­
b i o t i c  to which the s t r a i n s  are s e n s i t i v e
(_3) Make mutants r e s i s t a n t  to the ant i  b i o t i  c ( s  ) s e l e c t e d
(4)  Make p e t i t e  mutants from the a n t i b i o t i c - r e s i s t a n t  s t r a i n s
(_5) Test  the p e t i t e s  f or  r e t e n t i o n  of  the ant i  bi o t i  c - r e s  i s ta nee 
marker,  by c r o s s i n g  to a s u i t a b l e  auxotrophi c  s t r a i n  
us ing RD-auxotrophic method
( 6J Test  the p e t i t e s  a l s o  for  s t a b i l i t y  of  the p r o t o p l a s t s  to 
e l i m i n a t e  f r a g i l e  s t r a i n s
(_7) Carry out the f u s i o n  p r o c e s s ,  mixing p r o t o p l a s t s  from RD 
s t r a i n s  and a n t i b i o t i c - s e n s i t i v e  RC s t r a i n s
( 8 ) Regenerate  the p r o t o p l a s t s  and f u s i o n  products  on OSY and 
OSYG agar ,  and any o ther  media which may seem appro­
p r i a t e
(9_) Repl i ca  p l a t e  from the OSY and OSYG media to a n t i b i o t i c -  
- c o n t a i n i n g  media
(10)  Check the s t r a i n s  thus obta i ned for  other  markers ,  i f  any,  
e s p e c i a l l y  those  from the RD s t r a i n ,  s i n c e  t h i s  paren­
tal  s t r a i n  can be compl e t e l y  e l i mi n a t e d  by t e s t i n g  
on YEPG.
P a r t i c u l a r  a t t e n t i o n  should be paid to the s t r a i n  which i s  to 
be the p e t i t e  partner  in the f u s i o n  procedure ,  and i t  should  
be t e s t e d  by convent i ona l  h y b r i d i z a t i o n  wi th a s e n s i t i v e  l abor-  
atory s t r a i n ,  p r e f e r a b l y  a mating d i p l o i d ,  to ensure that  the  
mutat ion to a n t i b i o t i c  r e s i s t a n c e  i s  r e s c u a b l e  in the c r o s s . F o r  
i n s t a n c e , t h e  mutat ion to chloramphenicol  and erythromycin r e s i s ­
tance in NCYC 625 i s  r e t a i ne d  in the p e t i t e  mutant ,  wh i l e  that  to 
ol i gomyc i n  r e s i s t a n c e  i s  not ,  in any of  the s t r a i n s  t e s t e d  so 
f ar .  In a d d i t i o n ,  the c o n d i t i o n s  of  p r o t o p l a s t i n g  should be t e s t ­
ed to determine the s t a b i l i t y  of  the p r o t o p l a s t  from the p e t i t e  
s t r a i n ,  which may be more s e n s i t i v e  than those from the normal 
s t r a i n s ,  or even too f r a g i l e  f or  use.  The nature of  the p r e t r e a t ­
ment s o l u t i o n  may a f f e c t  the s t a b i l i t y  o f  the p r o t o p l a s t s ,  and in
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p a r t i c u l a r ,  the c o n c e n t r a t i o n  of  g-mercaptoethanol  may have to  
be reduced for  protop 1 a s t i n g  the p e t i t e  form.
Thus,  mi tochondri a l  markers such as mutat ions  to a n t i b i o t i c  r e ­
s i s t a n c e  can be used s u c c e s s f u l l y  in the i s o l a t i o n  of  hybrids  
obtai ned by the f us i on  of  p r o t o p l a s t s  o f  brewing y e a s t s .  The 
hybrids  thus obtained may not ,  o f  co u r s e ,  be s u i t a b l e  f or  im­
mediate use as brewing y e a s t s  per s e ,  s i n c e  Stewart  (personal  
communicat ion) has s t a t e d  that  some hybrids  obtained in t h i s  
way have unde s i r a b l e  c h a r a c t e r i s t i c s  not found in e i t h e r  parent  
s t r a i n .  This may be r e l a t e d  to the q u a n t i t a t i v e  as opposed to 
q u a l i t a t i v e  nature of  the c h a ra c t er s  of  a s t r a i n  de f i ned  as a 
good brewing y e a s t ,  where over-  and under-product i on of  the  
same compound may be e q u a l l y  u nd e s i r a b l e .  Hence,  complete  con­
tro l  over the performance of  brewing y e a s t  s t r a i n s  may only be 
obtained when the metabol i sm o f  the minor compounds produced by 
brewing y e a s t s ,  and i t s  g e n e t i c  control  are proper l y  under­
s t ood .  P r o t o p l a s t  f u s i o n ,  f o l l owed by the product i on and study  
o f  recombinants  from the hybrids  thus o b t a i n e d ,  may be added to 
c l a s s i c a l  g e n e t i c  t echni ques  as a powerful  too l  in the e l u c i d a ­
t i o n  of  t hes e  mechanisms.
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One o f  the general  and fundamental  p r o p e r t i e s  of  a l l  l i v i n g  
systems i s  the a b i l i t y  to r e pa i r  i nj ury  made to t h e i r  s t r u c ­
tures  and f u n c t i o n s .  P r o t o p l a s t  r e generat i on  i s  no more than 
an e x p r e s s i o n  of  t h i s  a b i l i t y .  I t  i s  now wel l  e s t a b l i s h e d  that  
a l l  wal l ed  c e l l s ,  d i s r e g a r d i n g  t h e i r  e v o l u t i o n a r y  h i s t o r y ,  are 
p o t e n t i a l l y  capable o f  r e g enera t i ng  the c e l l  wal l  when t h i s  has 
been a r t i f i c i a l l y  removed.  There i s  a l s o  an analogy to t h i s  
proces s  in nature ,  in naked zo o s p o r e s ,  where the de novo forma­
t i o n  o f  the c e l l  wal l  must be regarded as a p h y s i o l o g i c a l  pro­
c e s s .  I t  i s  known, however,  t ha t  c e l l  wal l  r e g enera t i o n  i s ,  in 
many s i t u a t i o n s ,  not only a s imple  renewal of  a mi s s i ng  s t r u c ­
ture but i s  a process  connected wi th profound changes which,  in 
the p r o t o p l a s t ,  induce a s e t  of  SOS re pa i r  mechanisms.  The r e ­
v e r s i o n  of  nuc l eated  s u bp r o t o p l a s t s  i s  e v i d e n t l y  something more 
than a s imple  c e l l  wal l  r e g e n e r a t i o n .  In p r o t o p l a s t s  where s e v ­
era l  c e l l  c y c l e s  have taken p lace  between convers ion  and c e l l  
wal l  r e g e n e r a t i o n ,  the r e v ers i o n  i s  much more compl i cated than 
a s i mple  renewal of  normal c y t o k i n e s i s .  The re f ore ,  the process  
of  p r o t o p l a s t  r e g enera t i o n  cannot  be regarded as being i d e n t i ­
cal  wi th the process  o f  c e l l  wal l  r e generat i on  or with the pro­
t o p l a s t  r e v e r s i o n .  Bes ides  c o n t r o l l i n g  c e l l  wal l  renewal ,  the  
process  of  r e v e r s i o n  i n v o l v e s  a number o f  vari ous  re gul a t or y  
mechanisms r e s p o n s i b l e  for  c e l l  i n t e g r i t y .
Cel l  wal l  r e g enera t i o n  and p r o t o p l a s t  r e vers i on  in d i f f e r e n t  
c e l l s  have been reviewed s e v e r a l  t imes ( 1 - 7 ) .  Many review ar ­
t i c l e s  can a l s o  be found in the Proceedings  o f  the I n t e r n a t i o n ­
al Symposia on P r o t o p l a s t s  held in 1965,  1968,  1972 and 1975 
( 8 - 1 1 ) .  The aim of  t h i s  communication i s  ( i )  to show that  the  
f i r s t  o bs e r v a t i o n s  on t hes e  phenomena date back to the ea r l y  
h i s t o r y  of  experimental  c y t o l o g y ,  ( i i )  to present  a very gener ­
al view o f  the problem,  a c c ent ua t i ng  the event s  common to aT1 
r e v e r t i n g  p r o t o p l a s t s  rather  than drawing a t t e n t i o n  to d i f f e r ­
ences  s p e c i f i c  f or  various  kinds of  c e l l s ,  and ( i i i )  to o u t l i n e  
some p e r s p e c t i v e s  f or  r e v e r t i n g  p r o t o p l a s t s  to be used as a 
model system.
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SOME REMARKS ON THE HISTORY
The f i r s t  exper iments  wi th c e l l  r e g e n e r a t i o n  were performed by 
Dujardin in 1838 and by Naegel i  s i x  years  l a t e r .  Both came to 
the c o n c l u s i o n  t hat  s eparat ed  part s  of  c e l l s  cannot  cont i nue  to 
l i v e .  Some of  the e a r l i e s t  o b s e r v a t i o n s  t hat  f oc us s ed  on c e l l  
wal l  r e g e n e r a t i o n  are l i s t e d  in the f o l l o w i n g  t a b l e :
All  o b s e r v a t i o n s  and exper iments  l i s t e d  above have been carr i ed  
out on s i n g l e  c e l l s  and the t e chni ques  used for  p r o t o p l a s t  l i b ­
e r a t i o n  have been l i mi t e d  to mechanical  d i s s e c t i o n ,  p l a s mo l y s i s  
and a combinat ion of  both.
A new era opened for  c e l l  wal l  r e g enera t i o n  s t u d i e s  wi th the 
advent  o f  t e chni ques  for  l a r g e - s c a l e  preparat i on  of  p r o t o p l a s t s .  
This was f i r s t  achi eved in b a c t e r i a  but had no importance at  
that  t ime s i n c e  the re g e n e r a t i o n  a b i l i t y  o f  b a c t e r i a l  protoplasts  
- in c o n t r a s t  to t h a t  of  s phaerop1 a s t s  ( 1 2 ) - was recogni zed  much 
l a t e r .  A c o n s i d e r a b l e  number of  y e a s t  p r o t o p l a s t s  were prepared  
by c o n t r o l l e d  mechanical  d i s r u p t i o n  of  c e l l s  (13)  and by c o n t r o l ­
led a u t o l y s i s  o f  the c e l l  w a l l s  ( 1 4 ) .  The f i r s t  o b s e r v a t i o n s  on 
the behaviour o f  p r o t o p l a s t s ,  i nc l ud i ng  t h e i r  mass a b i l i t y  to 
r e generat e  to new v i a b l e  c e l l s ,  were publ i shed in 1955 ( 14 ,  15) .  
Aft er  Eddy and Wil l iamson developed the e x c e l l e n t  rou t i n e  t e c h ­
nique for  p r o t o p l a s t  preparat i on  us ing l y t i c  enzymes o f  Hzlix.  
p o m a t l a ,  numbers o f  papers appeared d e s c r i b i n g  p r o t o p l a s t  l i b e r a ­
t i o n  and c e l l  wal l  r e g enera t i o n  in a wide v e r i e t y  of  c e l l s .
The most important  f i n d i n g s  are summarized below:
Yeasts - Necas 1955,  1956 - a u t o l y t i c ,  
g e l a t i n e
Rost and Venner,  1965 - s n a i l  enzymes
Moulds Emerson and Emerson 1958
Aguire and Vi l l anueva 1962 - strepzyme
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Va.uche.Kia - Hofmei s t er  1 867 - n e g a t i v e  r e s u l t s
Pe n i c í l l í u m , Muc ok  - Bre f e l d  1872
Vauch&Kia - Hanstein 1873
- S t ra s s bur g er  1876
M u c o k  - van Tieghem 1875
S y p h o noc ta d iu m  - Schmitz 1879
VauchzKia  - Sachs 1882 - importance o f  the
nucleus
Hclodca  - Klebs 1887 - "Kernstof fe"
- Townsend 1897
P h y c o m y c a  - Burgef f  1914,  1917 - f us i on
Green p l ant s
REGENERATION OF PROTOPLASTS 
- Pojnar e t  a l .  1967
Power and Cocking 1970 a f t e r  f us i o n
Bacter i  a - Landman et  a l . 1968 g e l a t i n e
S c h a e f f e r  e t  a l . 1976 a f t e r  f us i o n
Green a l gae
Fodor and A l f ö l d i  1976 
- Gabriel  1970
Blue green a l gae ?
Although t h i s  survey i s  far  from being complete  i t  shows that  
a l l  types  o f  c e l l s ,  i nc l ud i ng  b a c t e r i a  ( 16 ,  17 ) ,  fungi  ( 3 ,  5,  6 ,
1 8 ) ,  e u k a r y o t i c  a l gae  (19)  and green p l a nt s  ( 20 ,  21) behave in 
the same way when r e g e n e r a t i n g  t h e i r  wa l l s  or r e v e r t i n g  to c e l l s  
However,  the l i s t  i s  s t i l l  i ncompl et e  because  even though p r o t o ­
p l a s t s  have been prepared in pro ka ry o t i c  a l gae  ( 1 2 ) no r e v e r s i o n  
has been achi eved so f a r ,  probably because s u i t a b l e  envi ronment ­
al c o n d i t i o n s  promoting c e l l  wal l  r e g e n e r a t i o n  have not been 
f ound.
THREE MAIN EVENTS OF PROTOPLAST REGENERATION
The proces s  c a l l e d  p r o t o p l a s t  r e g e n e r a t i o n  could be d i v i ded  i n t o  
t hree  event s  ( F i g , l ) ( i )  r e g e n e r a t i o n  o f  the mi s s i ng  c e l l  wa l l ;
( i i )  r e v e r s i o n ,  when a new g e ner a t i o n  o f  c e l l s  - r e v e r t a n t s  - 
a r i s e  from a wal l ed p r o t o p l a s t ;  ( i i i )  the event  in p r o t o p l a s t  
re g e n e r a t i o n  which can be de f i ned  as the growth phase.  Removal 
of  the c e l l  wal l  during p r o t o p l a s t i n g  does not i n t e r f e r e  with  
c o n t i n u a t i o n  of  the c e l l  c y c l e  ( i n  those  c e l l s  t h a t  are not i r ­
r e v e r s i b l y  arr e s t e d  in G0 phase of  the c y c l e ) .  Consequent l y ,  
t here  may be one or s evera l  doubl i ngs  of  the c e l l  mass.  This i s  
most pronounced in p r o t o p l a s t s  of  the c e l l s  t h a t  have a short  
g e n e r a t i o n  t ime in r e l a t i o n  to the c e l l  wal l  r e g e n e r a t i o n  p e r i ­
od,  in o t her  words ,  where there  i s  a c o n s i d e r a b l e  lag between 
p r o t o p l a s t i n g  and r e v e r s i o n .
1. Cel l  Mall Regenerat ion
As ment ioned above,  the a b i l i t y  to regenerat e  a new c e l l  wal l  i s  
i nherent  to a l l  c e l l s .  This does not n e c e s s a r i l y  mean that  t h i s  
p o t e n t i a l  i s  r e a l i z e d  in any environmental  c o n d i t i o n s .  In pro­
t o p l a s t s  of  c e r t a i n  c e l l  types  ( e . g .  budding y e a s t ,  b a c t e r i a ,  
and probably blue green a l g a e )  a new complete  c e l l  wal l  i s  not 
assembled in r o u t i n e l y  used c u l t i v a t i o n  media wi thout  provi di ng  
c e r t a i n  phys i ca l  environmental  c o n d i t i o n s .  The most f r e q u e n t l y  
used r e g enera t i o n  t echni ques  are:  embedding in high percentage 
g e l a t i n e  (23)  or 2 % agar (24,  2 5 ) ,  suspending in 30% p o l y e t h y l -
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conversion cell wall regeneration reversion
growth phase
cell protoplast growing p walled p. reverting p revertants
Fig,  1. Schemat ic r e p r e s e n t a t i o n  o f  the main event s  of  p r o t o ­
p l a s t  r e g e n e r a t i o n .
ene g l yco l  (26)  and accumul at i ng b a c t e r i a l  p r o t o p l a s t s  in a p e l ­
l e t  or on membrane f i l t e r s  ( 1 6 ) .  Also the chemical  compos i t i on  
of  n u t r i e n t  medium appears to be important  for  s u c c e s s f u l  wal l  
re ge n e r a t i  on ( 2 1 ).
A que s t i on  was much d i s c u s s e d  as to whether the assembly of  ce l l  
wal l  components does requi re  a supramol ecul ar  t e mpl a t e ,  for  i n ­
s t a nc e  in the form of  the o r i g i n a l  c e l l  wal l  remnants ( 2 7 ) ,  or 
i f  i t  i s  a de novo formation.  I t  seems c l e a r  now that  the forma­
t i o n  i s  a de novo p r o c e s s ,  s i n c e  i t  has been proved .by both 
e l e c t r o n  and f l u o r e s c e n t  microscopy that  the observed bodies  
are indeed true p r o t o p l a s t s  and not s p h a e r o p l a s t s .
Although d i r e c t  ev i dence  has not been obtained i t  i s  h i gh l y  pro­
bable  that  the b i o s y n t h e s i s  of  a l l  c e l l  wal l  components i s  not  
fundamental ly  i n f l u e n c e d  during the process  of  co n v e r s i o n .  It  
remains open whether in p r o t o p l a s t s  maintained for  a long time 
only in osmot i c  s t a b i l i z e r s  some kind of  s y n c h r o n i z a t i o n  does 
not occur as the r e s u l t  o f  a me t abo l i c  s h i f t - d o wn .  The f i r s t  
c e l l  wal l  s t r u c t u r e  appears on the p r o t o p l a s t  s ur f a c e  a f t e r  a 
l ag  period which l a s t s ,  depending on the c e l l  t y pe ,  from 15 min. 
to s e v e r a l  hours or even days.  In a l l  e ukaryot i c  p r o t o p l a s t s ,  
i nc l ud i ng  those  o ccurr i ng  n a t u r a l l y  ( 28 ,  2 9 ) ,  the f i r s t  wall  
s t r u c t u r e s  formed are always the f i b r i l s  ( 3 ,  21,  30,  31) com­
posed e i t h e r  o f  c r y s t a l l i n e  g l ucan,  c h i t i n  or c e l l u l o s e  a cc o rd­
ing to the chemical  compos i t i on  of  the o r i g i n a l  c e l l  w a l l .  Af t er  
a s ho r t  p e r i o d ,  the f i b r i l l a r  nets  are masked by the amorphous 
matri x .  This de l ay in the formation of  the amorphous component  
may be exp l a i ne d  by the f a c t  that  a l a r g e r  amount o f  matr i x-
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- b u i l d i n g  uni t s  must be accumulated be fore  they can be assembled  
i n t o  a supramolecular  s t r u c t u r e .
Experimental  data i n d i c a t e  that  in eukaryotes  the b i o g e n e s i s  of  
the f i b r i l l a r  component and t hat  of  the amorphous component are 
i ndependent  proce s s e s  t ha t  are c o n t r o l l e d  by d i f f e r e n t  mecha­
nisms.  I n h i b i t i o n  of  both prot e i n  and RNA s y n t h e s i s  promptly 
s tops  the formation o f  the wal l  matrix (32 ,  33) whereas ,  the  
formation o f  the f i b r i l l a r  component may cont i nue .  This s ugges t s  
t h a t  the enzymes po lymeri z ing  the correspondi ng macromolecules  
of  the f i b r i l l a r  s k e l e t o n  have a very low turnover .  S i m i l a r l y ,  
in Sac-chaA-omyaei c t n n v l i l a i  the a n a l y s i s  o f  c e l l  c y c l e  mutants  
has revea l ed  t hat  there  i s  no r e s t r i c t i o n  point  in the whole 
c e l l  c y c l e  as for  the formation o f  f i b r i l s  ( 34 ) .
The l ength of  the c e l l  wal l  r e g enera t i o n  period v a r i e s  from about 
30 min. in moulds to s ev e ra l  days in green p l a n t s ,  being re l a t ed  
roughly to the normal g enerat i on  time of  the correspondi ng c e l l s .  
In a d d i t i o n ,  i t  depends s t r o n g l y  on environmental  c o n d i t i o n s ;  
the " regenerat i on" media a c c e l e r a t e  c e l l  wal l  s y n t h e s i s  c o n s i d ­
erabl y  and i nc r e a s e  a l s o  the proport ion of  p r o t o p l a s t s  capable  
of  accompl i sh i ng  the r e g enera t i o n  of  the c e l l  w a l l .
The regenerated wa l l s  o f t e n  show marked d i f f e r e n c e s  in both 
chemical  compos i t i on and submicroscopi c  s t r u c t u r e  when compared 
with the c e l l  wa l l s  o f  i n t a c t  c e l l s  ( 3 , 3 5 , 3 6 , 3 7 , 3 8 ) .  Also the 
t hre e - d i mens i o na l  a r c h i t e c t u r e  ( t o po l o g y )  of  regenerated wal l s  
us u a l l y  cannot  be compared with the g e n e t i c a l l y  determined s p e ­
c i f i c  c e l l  shape ,  but more or l e s s  f o l l o ws  the actual  pr o t o p l a s t  
shape determined by the mode o f  p r o t o p l a s t  growth.  In t h i s  r e s ­
pec t  the regenerated c e l l  wal l  behaves as a morphogenet i ca l l y  
p a s s i v e  s t r u c t u r e  ( 3 ) .
The compl et ion o f  c e l l  wal l  r e g enera t i o n  i s  u s u a l l y  mani fes t ed  
by the i n i t i a t i o n  o f  r e v e r s i o n .  However,  some s i t u a t i o n s  are 
known where the wal l  r e g enera t i o n  i s  not f o l l owed  by revers i on  
at a l l  ( 1 8 , 3 8 , 3 9 ) .
I t  remains to  be s t r e s s e d  that  the c e l l  wal l  r e g enera t i o n  can be 
e x p e r i me n t a l l y  i n h i b i t e d ,  t o t a l l y  or p a r t i a l l y ,  by d i f f e r e n t  
means i ndependent l y  o f  the p r o t o p l a s t  growth (32. , 39, 40,41 , 42 ) .  
This seems to be important  p a r t i c u l a r l y  for  f u t ure  exper i menta­
t i o n  provided that  r e l a t i v e l y  s p e c i f i c  i n h i b i t o r s  for  d i f f e r e n t  
c e l l  wal l  components or d i f f e r e n t  d e f e c t i v e  mutants are found.
REGENERATION OF PROTOPLASTS
2. P r o t o p l a s t  Growth
During the growth pe r i o d ,  the p r o t o p l a s t s  i nc r e a s e  in volume due 
to both macromolecular s ynt hes e s  and reproduct ion  of  a l l  c e l l  
o r g a n e l l e s .  The course  o f  the c e l l  c y c l e  i s  apparent l y  not a f ­
f e c t e d  'by p r o t o p l a s t i n g , and growing p r o t o p l a s t s  may undergo 
m i t o s i s  wi thout  c y t o k i n e s i s  ( 1 9 , 4 3 , 4 4 ) .  The number o f  c e l l  c y ­
c l e s  completed during the growth period i s  i nd i c a t e d  approxi ­
mately by the number of  nuc le i  ( i f  no p r o t o p l a s t  f us i o n  or pas ­
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s i v e  d i v i s i o n  o cc ur ) .  There i s ,  however,  l i t t l e  exper imental  ev ­
idence  to show whether a q u a n t i t a t i v e  r e l a t i o n s h i p  e x i s t s  b e t ­
ween the other c e l l  o r g a n e l l e s  in the p r o t o p l a s t s  maintained as 
in the normal c e l l  c y c l e :  in other  words ,  whether the growing 
p r o t o p l a s t  i s  a mu l t i p l e  copy o f  a s i n g l e  c e l l .  Some data i n ­
d i c a t e  ( 4 5 , 4 6 )  t ha t  in growing y e a s t  p r o t o p l a s t s  the q u a n t i t a ­
t i v e  r e l a t i o n s h i p  may be markedly a l t e r e d  (such as the number of  
mitochondria and Golgi  b o d i e s ,  and the e x t e n t  o f  endoplasmic r e ­
t i cul um area per volume u n i t ) .
The morphology o f  p r o t o p l a s t  growth depends both on phys i ca l  
f o r c e s  o f  the c u l t i v a t i o n  environment and on the wal l  s t r u c t u r e s  
t ha t  are gradua l l y  formed on the p r o t o p l a s t  s u r f a c e .  The l a t t e r  
i n f l u e n c e  the growth as phys i ca l  f a c t o r s  rather  than a morpho- 
g e n e t i c a l l y  a c t i v e  b i o s t r u c t u r e .  I t  may a l s o  be expec ted t hat  
the o r g a n i z a t i o n  of  mi crotubul es  and t hat  o f  non-muscle ac t o -  
myosin ( mi c r o f i l a me n t s )  w i l l  cooperate  in determining the shape 
of  growing p r o t o p l a s t s .  However,  experimental  ev i dence  s u pp o r t ­
ing t h i s  assumption i s  s t i l l  l a c k i ng .
The growth period l a s t s  u nt i l  a new c e l l  wal l  i s  assembled.  Thus 
i t s  r e l a t i v e  durat i on depends on the re adi nes s  of  a p r o t o p l a s t  
for  c e l l  wal l  renewal .  Resu l t s  of  experiments  wi th temporal  i n ­
h i b i t i o n  of  wal l  r e generat i on  provide  cor roborat i ng  ev i dence  for  
t h i s  view (39 ).
On the other  hand,  the period of  p r o t o p l a s t  growth i s  not unl im­
i t e d  even in c o n d i t i o n s  where c e l l  wal l  r e g enera t i o n  i s  c o n t i n ­
uous ly i n h i b i t e d  in some way. All  p r o t o p l a s t s  that  have not r e ­
generated t h e i r  c e l l  w a l l s  d i e  a f t e r  a s h o r t e r  or l onger  per i od .  
All  experiments  des i gned to achi eve  unl i mi t ed  e x i s t e n c e  o f  a 
c e l l  in the p r o t o p l a s t  s t a t e  ( i . e .  wi thout  the c e l l  w a l l )  have 
been u ns ucc es s f u l  . The only ex c e pt i o ns  are s t a b l e  L-forms o f  a 
p r o t o p l a s t  type in b a c t e r i a  ( 4 7 ) .  In t h i s  c a s e ,  however,  mu l t i p ­
l i c a t i o n  of  L-forms can hardly be compared with re gul ar  c e l l  d i ­
v i s i o n .  There i s  l i t t l e  exper imental  ev i dence  to exp l a i n  why 
the naked c e l l  i s  d e f i n i t e l y  l i m i t e d  in i t s  s u r v i v a l .  I t  can be 
only s p e cu l a t ed  t hat  ( i )  repeated c e l l  c y c l e s  wi thout  c y t o ­
k i n e s i s  may l ead to a c e r t a i n  unbalanced s t a t e  of  some q u a n t i ­
t a t i v e  r e l a t i o n s h i p s ,  which i s  i ncompat i b l e  wi th some funct i ons  
in growing p r o t o p l a s t s  ( e . g .  u n s u i t a b l e  s ur f a c e / v o l ume  r a t i o ) ,
( i i )  The presence  of  the c e l l  wal l  i s  r e s p o n s i b l e  for  the f e e d ­
back control  o f  c e l l u l a r  p ro ce s s e s  occurr i ng  in and/or on the  
plasma membrane. These feedback s i g n a l s  may be out  of  operat i on  
only for  a l i mi t e d  period of  the e x i s t e n c e  of  the system.  In any 
c a s e ,  f ur t he r  work on t h i s  problem that  w i l l  e v e n t u a l l y  r e s u l t  
in deve l op i ng  a method for  c u l t i v a t i n g  a protopl asmi c  mass not  
organi zed in i nd i v i du a l  c e l l s  w i l l  be o f  grea t  importance in 
many as pec t s  of  c e l l  b i o l o g y .
3.  P r o t o p l a s t  Revers ion
A s e r i e s  o f  event s  l ead i ng  to the r e s t i t u t i o n  of  a c e l l  i d e n t i ­
cal  with the o r i g i n a l  e n t i t y  can be regarded as proper r e v e r s i o n  
I t s  onset  c o i n c i d e s  wi th the s t a r t  of  the f i r s t  c y t o k i n e s i s  in
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wal l ed  p r o t o p l a s t s .  The r e s t i t u t i o n  of  the norma 1 g e n e t i c a l l y  
determined s t a t e ,  however,  may be a s t e p - b y - s t e p  proces s  r e ­
q u i r i n g  s e v e r a l  c e l l  c y c l e s ,  i . e .  s e v e r a l  g e n e r a t i o n s  of  re ver -  
t a n t s .
The i n i t i a t i o n  o f  c y t o k i n e s i s  i s  one of  the most i n t e r e s t i n g  a s ­
pect s  of  p r o t o p l a s t  r e v e r s i o n .  In any kind o f  p r o t o p l a s t  i t  i s  
i n v a r i a b l y  a s s o c i a t e d  wi th wal l  r e g e n e r a t i o n . The new c e l l  w a l l ,  
no mat ter  how d e f e c t i v e  or mo r ph o g e n e t i c a l l y  p a s s i v e ,  e v i d e n t l y  
produces s i g n a l s  which are recogni zed  by the system c o n t r o l l i n g  
the - c y t o k i n e s i s . Recogniz ing  the nature of  t h e s e  s i g n a l s  should  
be one of  the most important  goal s  in p r o t o p l a s t  research and 
would g r e a t l y  c o n t r i b u t e  to the unders tandi ng o f  general  mecha­
nisms o f  c e l l  morphogenes i s .
The morphology of  r e v e r s i o n  v a r i e s  wi de l y  and depends p r i n c i p a l ­
ly on the mode of  the c y t o k i n e t i c  mechanism o f  the cor res pond­
ing c e l l .  Thus,  in S a ccka n o m yce A  c e n e v i A i a e , which d i v i d e s  by 
budding,  p r o t o p l a s t s  r e v e r t  through c y t o k i n e s i s  resembl ing bud­
ding;  in Sc.k-izoAacc.haA.omyc.ei ,  which d i v i d e s  by f i s s i o n ,  the  
f i r s t  c y t o k i n e s i s  in r e v e r t i n g  wa l l ed  p r o t o p l a s t s  i s  c h a r a c t e r ­
i zed by format ion of  s e p t a ,  e t c .  Many abe r r a t i o ns  o f  c y t o k i n e s i s ,  
found e s p e c i a l l y  during r e v e r s i o n  of  mul t inucTeated p r o t o p l a s t s ,  
demonstrate  t ha t  the cont r o l  o f  c y t o k i n e s i s  i s  h e a v i l y  d i s t u r b ­
ed.  I t  remains open to s p e c u l a t i o n  whether t h e s e  a l t e r a t i o n s  
are caused pr i mar i l y  by some d i s o r de r  of  the c y t o s k e l e t a l  s y s ­
tem o f  mi crotubul es  and mi c r o f i l a me nt s  or by the f a c t  t ha t  the  
regenerat ed  c e l l  wa l l s  are l a r g e l y  abnormal in t h e i r  chemical  
compos i t i on  and s t r u c t u r e .
I t  should be added that  the r e v e r t a n t s  d i f f e r i n g  in biochemi cal  
and morphol ogi cal  p r o p e r t i e s  from the o r i g i n a l  c e l l s  were i s o ­
l a t e d  in Sa cchan om yceA c e n e o i A - i a e ,  These r e v e r t a n t s  remained 
s t a b l e  f or  thousands o f  g e n e r a t i o n s  ( 48) .
REVERTING PROTOPLASTS AS A MODEL SYSTEM
The primary aim of  the s tudy of  p r o t o p l a s t  r e g e n e r a t i o n  i s  to 
d i s c e r n e  the r e p a r a t i v e  c a p a c i t y  o f  a c e l l  and to understand  
the mechanisms c o n t r o l l i n g  the r e pa i r  p r o c e s s e s  l ead i ng  to the  
maintenance of  c e l l  i n t e g r i t y .  At the same t i me ,  r e v e r t i n g  pro­
t o p l a s t s  provi de  a unique model system f or  s t udy i ng  many other  
c e l l u l a r  p r o c e s s e s .  At l e a s t  some o f  them should be ment ioned.  
The r e p a r a t i v e  c e l l  wal l  format ion can be separat ed  i n t o  two 
s t e p s ,  i . e .  in format ion o f  f i b r i l l a r  and o f  amorphous compo­
nent s .  Thus,  i t  i s  p o s s i b l e  to analyze  both event s  s e p a r a t e l y ,  
s t a r t i n g  wi th the e x p r e s s i o n  of  the genes i nvo l ved  and ending  
with the assembly of  the f i n a l  s t r u c t u r e s .  This approach a l l ows  
one to r e c o g n i z e  pathways o f  morphogenic i n f o r ma t i o n ,  i nc l ud i ng  
the ro l e  of  s e l f - a s s e m b l y ,  at  a very general  l e v e l  ( 49 ,  50) .  
Revert i ng  p r o t o p l a s t s  o f f e r  an oppor tuni ty  to s tudy the morpho­
geni c  r o l e  o f  the c e l l  wal l  in the mechanism of  c y t o k i n e s i s ,  in 
the de termi nat i on  of  dimorphism,  in c e l l  d i f f e r e n t i a t i o n ,  e t c .  
This model system has been l i t t l e  used in ana l y s i ng  the r e l a t i o n -
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s h i ps  between event s  of  the c e l l  c y c l e ,  such as i nt erdependence  
of  c e l l  mass doubl i ng  and o f  the i n i t i a t i o n  of  ka r y o k i n e s i s  
( e s p e c i a l l y  in p r o t o p l a s t s  c o n t a i n i n g  more than one n u c l e u s ) ,  
and l a s t  but not  l e a s t  in r e c o g n i z i ng  the s i g n a l s  that  s t a r t  
the c y t o k i n e s i s .
Revers i on o f  p r o t o p l a s t s  i s  a n e c e s s a r y  c o n d i t i o n  f or  o bt a i n i ng  
v i a b l e  somat i c  hybrids  by p r o t o p l a s t  f u s i o n .  I t  can a l s o  be e x ­
pected that  the p r o t o p l a s t  s t a t e  of  a c e l l  f o l l owed  by r e v e r ­
s i on  w i l l  o f f e r  many o p p o r t u n i t i e s  f or  c e l l  e n g i n e e r i n g ,  such 
as t r a n s f e r r i n g  b i o l o g i c a l l y  important  macromolecules  enveloped  
with l iposome membrane or t r a n s f e r r i n g  c e l l  o r g a n e l l e s  der i ved  
from one c e l l  to any other  c e l l .
The f i r s t  h i s t o r i c  per i od cover i ng  the f i r s t  decades  o f  t h i s  
century  showed t h a t  any c e l l  i s i n  p r i n c i p l e  capable  o f  r e g e n e ­
r a t i n g  i t s  c e l l  w a l l .  The second period c l o s e d  in t h i s  decade  
i s  c h a r a c t e r i z e d  by f i n d i n g  t h a t  p r o t o p l a s t s  of  a l l  c e l l s  of  
prokaryotes  and eukaryotes  are abl e  to r e v e r t  to c e l l s  wi th ful l  
v i a b i l i t y ,  and by determi ning  the most important  event s  of  t h i s  
p r o c e s s .  The t h i rd  p e r i o d ,  a l ready  s t a r t e d ,  may bring i n t o  f r u i t  
the pros pec t s  ment ioned above,  i . e ,  the use of  r e g e n e r a t i n g  pro­
t o p l a s t s  as a model system for  s o l v i n g  many b a s i c  problems in 
the f i e l d  of  c e l l  b i o l o g y .
n e Za s
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SURFACE ULTRASTRUCTURE OF THE YEAST PROTOPLAST
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ABSTRACT
It has become possible to observe the surface structure of a 
plasma membrane closely by the freeze-etching technique. We have 
applied the plasma polymerization technique to study the surface 
structure of yeast protoplasts. The polystyren replicas were pre­
pared on the surface of the yeast protoplast. The replica films 
were observed using a transmission electron microscope. This rep­
lica film has higher resolution than that of metal replica. The 
plasma polymerization technique makes it possible to observe the 
surface ultrastructure of yeast protoplasts without high vacuum 
damage.
The yeast cell envelope can be largely classified into a cell 
wall and a plasma membrane. Concurrent with research on the cell 
wall structure, studies have been made on the plasma membrane.
By the development of electron microscopy, it has clarified the 
existence of plasma membrane, and also revealed that they have 
unit membrane structure (2,3). A surface view of the plasma mem­
brane of the yeast protoplast was investigated with the freeze- 
-etching technique by many investigators (4,7,9,11). This tech­
nique clarified a three-dimensional replica of yeast cells clear­
ly demonstrating the fine structure of yeast plasma membrane. Ac­
cording to this technique, the surface structure of the yeast 
protoplast could be classified into the invagination and the 
hexagonally arranged particles which was confirmed by Moor et al. 
(7). Recently, they reconfirmed the results that such a structure 
is normal for the yeast plasma membrane structure by ultrahigh 
vacuum (10-9 Torr) freeze-fracturing apparatus (1,6).
On the other hand, Tanaka et al. (9) have made a preliminary study 
with a glow discharge replica device for obtaining a single stage 
replica. Applying this new technique, we have studied the sur­
face ultrastructure of yeast protoplasts. This technique also 
makes it possible to observe the three-dimensional structure of 
the yeast protoplast.
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MATERIAL AND METHODS
Saccharomyces aerevisiae FH4C was inoculated into YEPD (yeast 
extract, 1 %; peptone, 2 %; dextrose, 2 %) medium. Cells were 
grown with vigorous aeration for 16 hours at 27°C, washed once 
with 0.15 M phosphate buffer (pH 7.5), then resuspended in 10 
ml of this buffer to which was added 0.5 mg Zymolyase 60,000 
(Kirin Brewery, Japan)(5) and 0.8 M sorbitol. The cells were 
then incubated at 27°C with gentle shaking for one hour, after 
which they were centrifuged at 2,500 rpm for 5 min. The centri- 
fugáte was then gently washed twice with phosphate buffer con­
taining 0.8 M sorbitol to remove most of the enzyme. The pre­
paration was found to contain at least 90 per cent protoplasts.
For electron microscopy, the protoplasts were fixed in 3 per 
cent glutaraldehyde fixative for 30 min. at room temperature.
The specimens were dehydrated with 50 and 100 per cent ethanol 
for 30 min each. After dehydration, the protoplasts were trans­
ferred to propylene oxide. The rough surface of rock candy was 
used to check the various conditions of glow discharge that may 
influence the qualities of replica films. The specimen was 
placed in the glow discharge to fix the polymerized styrene mo­
nomer vapour which had been deposited directly on the surface 
of the rock candy in high energy plasma phase. By this proce­
dure, a rigid polystyrene replica thin film could be obtained. 
These specimens could be obtained without high vacuum damage 
when temperature of the surface over the specimens was approxi­
mately 20°C during discharge. The most suitable thickness of 
replica film obtained by this technique was about 100 Ä. This 
replica film was removed, floated on a solution of rock candy, 
and then picked up on the grid. The replica was observed using 
the transmission electron microscope.
RESULTS AND DISCUSSION
The surface structure of yeast protoplast was revealed by 
electron microscopy using a replica film of plasma polymeriza­
tion in the polystyrene. The polystyrene membrane was deposited 
on the surface of protoplasts. This is a new replica film, 
which gave the fine structure and the three-dimensional image 
by transmission electron microscopy. This image came from a 
scattering effect of the plasma by glow discharge. Therefore, 
we could expect a high resolution replica from this replica 
film of the surface structure in yeast protoplasts or sphero- 
plasts. It is possible to see the shape of the invagination 
during their cell cycle or whether some structural remnants of 
the original cell wall are present on their surface.
The fine structure of crystals on the rock salt surface was 
confirmed by using replica thin film (12). This replica has 
higher resolution that that of metal replica film. Moreover, 
three-dimensional images could also be obtained by using uni­
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formly thin films. Our experimental results are as follows: 
Figures 1, 2 and 3 show replica images of yeast cells showing 
bud scar and birth scars. This also has higher resolution than 
that of scanning electron microscopy. Figures 4 and 5 show 
replica images of yeast protoplasts by using the plasma polyme­
rization technique, and the invagination is clearly visible as 
a groove-like (at arrows) structure. The outer surface of plas­
ma membrane reveals a concave surface of the invagination 
(Figs. 6, 7 and 8). The size of the invagination is different 
on each cell; some are short, and others have many branches, 
especially stationary phase cells such as yeast cakes (4).
The structure of the membrane invagination in protoplasts is 
much different to that of freeze-etched intact cells (4). In 
the case of the freeze-etched intact cells, we could not clear­
ly identify a groove-like structure.
By the technique of plasma polymerization, we have observed 
some special part which we assume to be the site of bud forma­
tion but we have no evidence to support this assumption. How­
ever, during the preparation of protoplasts, bud scars are ex­
tremely resistant to attack by lytic enzymes such as snail en­
zyme or Zymolyase (5). If there are the remnants of an origin­
al bud scar with the protoplasts, it could be observed by means 
of the electron microscope using the plasma polymerization tech­
nique. Figure 10 shows the remnant of an original bud scar of 
a protoplast. Also, it is known that there are endoplasmic reti­
culum vesicles under the bud scar and also lytic enzyme local­
ized in this part. Moor reported (8) that freeze-etched plasma 
membrane shows an early stage of bud formation and spherical 
invagination. We have found the similar structure on the sur­
face of protoplasts (Fig. 9). Nickerson (10) mentioned that, 
in order to produce budding, there should be a concentration 
of the appropriate enzyme at the site of bud formation and a 
local weakening in the cell wall. Therefore, we assume that 
the part spherical invagination of the plasma membrane will 
be the mechanically weakening place. According to this idea, 
we assumed that it would be easy to find a concave shape under 
the low vacuum condition (Fig. 11 and 12). There is some rela­
tionship between the bud scar and the spherical invagination of 
plasma membrane which is observed by plasma polymerization 
technique. The remnants of the original cell wall were not 
present on their surface.
A three dimensional image of the plasma membrane can be ob­
served by means of the plasma polymerization technique. As a 
result of this an analysis of the surface structure of yeast 
protoplasts is possible. The preliminary data presented does 
not enable us to state with certainity the origin of protoplast 
membrane invaginations.
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Figure 1. Electron micrograph of a bud scar in surface of 
protoplast by the plasma polymerization technique, x 20,000. 
Figure 2. Electron micrograph showing the birth scar region, 
x 35,000. Figure 3. Electron micrograph showing the bud scar 
region, x 35,000. Figures 4 and 5. Electron micrographs of 
the groove-like invaginations ( at arrows). x 10,000 and 
15,000.
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Figure 6. Electron micrograph of four protoplasts in surface 
view by plasma polymerization technique, x 15,000.
Figure 7. Electron micrograph of protoplast by the plasma 
polymerization technique, x 15,000.
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Figure 8. Electron micrograph of a protoplast in surface 
view of replica film using the plasma polymerization 
technique, x 15,000.
Figure 9. Electron micrograph of a protoplast in surface view 
of the spherical invagination (at arrow), x 15,000.
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FigurelO. Electron micrograph shows the remnant of original 
bud scar of protoplast. x 20,000.
Figures 11 and 12. Electron micrographs show the concave shape 
under low vacuum condition, x 20,000.
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A RETROSPECTIVE AND CURRENT VIEW ON ENDOGENOUS ß-GLUCANASES IN YEAST
H. J. Phaff
Department of Food Science and Technology, University of 
California,  Davis, California 95616, USA
INTRODUCTION
Because of the importance of ß-1inked glucans as major structural 
components of yeast cel l  walls (1 , 2),  i t  appears logical that yeast ß- 
glucanases are directly involved in cel lular processes, such as cell 
expansion, budding, conjugation, and in the lys is  of ascus walls of some 
species. All of these processes probably require a partial breakdown of 
existing glucan molecules as well as synthesis of new structural glucan. 
Because yeast glucan is the major polysaccharide responsible for the 
rigid ity  and tensile  strength of the yeast envelope, the chemistry of 
this component will  be reviewed briefly. Further details are given in 
references (1, 2).
A1kali-insoluble glucan. This is  the principal component responsible 
for the strength of the yeast cel l  wall.  It is  obtained in partially  
purified form by alkali  extraction of purified baker's yeast cell walls 
(3% NaOH at 75°C). This residue must then be extracted repeatedly with
0.5 M acetic acid at 90°C to extract a ß-1, 6-linked glucan component that 
constitutes about 15% of the crude glucan. The purified residue was shown 
by Manners and co-workers (3) to be a branched ß-1, 3-glucan containing 
about 3% of ß-1, 6-glucosidic interchain linkages. Its molecular weight 
was about 240,000 and its  degree of polymerization approximately 1500. 
Enzymatic evidence suggests that the chemical composition of this type of 
glucan varies in different species of yeast (7). The formation of a 
highly insoluble polymer with a considerable degree of r ig id ity  is 
thought to be caused by the linking together of ß-1, 3-linked chains of 
glucose residues by hydrogen bonding and/or other forces of attraction.
The demonstration by Kopecka et al. (4) of a microfibrillar network as an 
inner layer of the cel l  wall supports the idea of aggregation of the unit 
molecules by association of portions of chains from different molecules to 
form a continuous structure surrounding the cel l .
The ß-1, 6-linked glucan component that is  extracted by acetic acid 
is  water soluble and highly branched with a degree of polymerization of 
about 130-140. In baker's yeast glucan this component contains about 19% 
of ß-1, 3-linkages which may serve both as inter-residue and interchain 
linkages (5).  In alkal i - insoluble glucan preparations from other species 
of yeast, the proportion of the ß-1 , 6-glucan component may be s i g n i f i ­
cantly greater than 15% as in baker's yeast (6 , 7). Although the function
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of this glucan in the cell wall is not known, i t  has been postulated that 
i t  acts as a f i l l i ng  material or plastic izer within the relatively rigid  
3-1, 3-glucan component (6 ), possibly by preventing excessive hydrogen 
bonding.
Alkali-soluble glucan. Several authors have reported the presence 
of alkal i -soluble glucan in yeast cell walls.  Fleet and Manners (8 ) 
extracted i t  from baker's yeast cell walls with alkali  under nitrogen in 
the cold. After neutralization, the glucan precipitated as a gel - l ike  
material and could be washed. It represented approximately 20% of the 
cel l  wall.  Its structure appears similar to that of the alkali-insoluble  
glucan except for a significant proportion of 8- 1 , 6-linked glucose res i­
dues inserted into the 8-1, 3-linked chains, which may be responsible for 
the increased solubility  in alkal i .  The presence of some mannose residues 
in this glucan suggests that i t  may function as a bonding material between 
the exterior mannan layer and the interior alkali-insoluble glucan layer.
« -1, 3-Glucan in yeast cell  wal l s . Glucans of this type (also named 
pseudonigeran) are essentia lly  linear molecules, that play an important 
structural role in the cell walls of many fungi but are found in rela­
t ive ly  few species of yeast (1). a-1, 3-Glucans can be extracted from 
ce ll walls with alkal i ;  they precipitate when the alkaline extract is  
neutralized. Among the ascomycetous yeasts, only species of Schizo- 
saccharom.yces contain this polysaccharide. Among the yeasts with 
basidiomycetous a ff in ity ,  Cryptococcus species have been reported to con­
tain a-1, 3-glucan; but in species of Rhodotorula i t  is apparently 
absent (9).
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Because the microfibrillar glucan layer is insoluble in both alkali  
and acid, i t  seems reasonable to assume that the main event in removal, 
changes, or weakening of the cell wall must involve enzymatic hydrolysis 
of the long chains of 8-1, 3-linked glucose residues in this polysaccha­
ride. Although studies on the action of snail digestive fluid and 
microbial enzymes on yeast cell walls date back many years (1), the 
presence of endogenous ß-glucanases in yeast i t s e l f  was only implied on 
the basis of the fundamental changes occurring in yeast cell walls during 
vegetative and sexual reproduction.
Exo-8-glucanases
The f ir s t  indirect evidence for the abi l i ty of yeasts to hydrolyze the 
8-1, 3-glucosidic linkage was obtained by Morris in 1955 (10) when he 
showed that certain yeasts were able to grow on extracts of Laminaria 
cloustonii fronds which contain up to 30% of laminarin on the dry weight 
basis. In 1963 Chesters and Bull (11, 12, 13) provided direct evidence 
for the excretion of extracellular laminarinase activ ity  into the culture 
f luid of several fungi and of some unidentified marine yeasts grown on 
insoluble laminarin as the substrate. They were able to achieve a partial 
separation of both yeast and fungal laminarinase actvity into an exo-8- 
glucanase and an endo-8-1, 3-glucanase fraction. Presumably these enzymes 
were induced by the substrate on which the organisms were grown. Later, 
Brock (14) reported the partial purification of an intracellular e- 
glucanase from baker's yeast. His assays with whole cel l s  as the enzyme
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source revealed that unbroken yeast demonstrated negligible laminarinase 
act iv ity ,  and no activ ity  was detected in the growth medium of young 
cultures. Baker's yeast was, therefore, different in i t s  physiology from 
the marine yeasts used by Chesters and Bull (11, 12). The purified enzyme 
from S^. cerevisiae hydrolyzed both laminarin and the ß-1 , 6-linked poly­
saccharide pustulan with the production of glucose as the sole product, 
thus demonstrating that the intracellular laminarinase activ ity  repre­
sented one or more exo-enzymes. p-Nitrophenyl ß-D-glucoside (pNPG) was 
also hydrolysed. Because the ratios of the a ct iv it ie s  on the three sub­
strates remained constant during enzyme purification and the three 
a c t iv it ie s  moved together during starch gel electrophoresis, Brock (14) 
postulated that a single enzyme was responsible for the three act iv ite s .
An exo-ß-glucanase with similar sp ecif ic ity  was found in intracellular  
extracts of Hansenula wingei (15). He observed that laminarinase activ ity  
rose sharply during sexual ce ll  conjugation in this yeast, indicating 
de novo synthesis of enzyme(s) involved in wall softening and cell fusion.
Abd-El-Al and Phaff (16) made a detailed study of the ß-glucanases 
associated with :S. cerevisiae, S_. elegáns, KIuyveromyces f r a g i l i s , and 
Hansenula anomala, including those secreted into the culture fluid by the 
la s t  two species. Extensive purification of both intra- and extracellular  
laminarinases and comparison of their properties showed that each corre­
sponding pair was similar and that all were exo-ß-glucanases that 
hydrolyzed laminarin, pustulan as well as p-nitrophenyl ß-D-glucoside.
They provided extensive evidence that the actions on the different sub­
strates were due to a single enzyme in each species of yeast. Because 
hypoiodite-oxidized laminarin (aldehydic end oxidized to a carboxyl group) 
was hydrolyzed but periodate oxidized laminarin (both ends modified) was 
not, i t  was concluded that the exo-ß-glucanases hydrolyzed laminarin from 
the nonreducing end. All enzyme preparations had the same optimum pH 
for activ ity  (5.5),  but their kinetic constants on the various substrates 
differed markedly. Comparison of V and K values suggested that the 
rapid lys is  of ascus walls in j(. fragil is might be explained in terms of 
an enzyme with higher V and higher aff in ity  to the ascus wall glucan 
than that present in baxe^'s yeast. However, subsequent testing of 
purified exo-ß-glucanases as described here on alkal i - insoluble glucan 
or cel l  walls revealed only negligible activ ity .
Exo-ß-glucanases with the general properties described above 
"(sometimes referred to as unspecific or nonspecific exo-ß-glucanases) 
have been shown in extracts of most yeasts studied so far. The species 
include Schizosaccharomyces yersa ti l is  and other fission yeasts (J7),  
Candida uti l  i s  (18), Cryptococcus albidus var. aerius (19),  Pichia polymor- 
pha (20), K1uyveromyces aestuarii (21),  K. phaseolosporus (22),  and other 
K1 uyveromyces species (23]~! Exo-ß-glucanases from different yeasts vary 
in their kinetic parameters as shown in Table 1 for three substrates.
An immunological comparison of exo-ß-glucanases from K1 uyveromyces 
and Saccharomyces species by the microcomplement fixation technique (23) 
also showed fundamental differences. An exception was noted, however, for 
enzymes obtained from species shown to be synonymous by other molecular 
techniques. In these cases the immunological distances between the 
enzymes from such organisms were very small.
ENDOGENOUS YEAST GLUCANASES
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Table 1. Comparison of some physical-chemical properties 
of various yeast exo-ß-glucanases
PH AFF
Species3
Laminaran Pustulan pNPGb
maxc
Km
(mg/ml) Vmax (mg/ml) Vmax
Km
(mM)
Candida ut i l i s  (18) 1.2 0.7 3.1
Cryptococcus albidus var. 
aerius (19) 0.1 0.3 0.007
Hansenula anomala (16) 54 5 7.2 5.9 1.8 5.4
K1 u.yveromyces aestuarii (21) 260 1.7 3.9 4.5 24 5.0
K. fra g il is  (16) 83 1.2 7.4 1.8 2.2 0.6
K. phaseolosporus (22) 2 35.7 6
Saccharomyces cerevisiae (16) 9.5 14 3.8 3.6 0.7 215
Schizosaccharom.yces japonicus 
var. versatilis  (24) 350 6.2 52 166
aThe numbers after the species name are literature citations.  
bpNPG, p-Nitrophenyl ß-D-glucoside.
C^ max’ Micromoles of glucose released per minute at 30°C and pH 5.5.
Atypical exo-ß-glucanases. With improvements in the techniques for 
enzyme separation, a number of studies have revealed that many or possibly 
all yeasts synthesize additional exo-ß-glucanases with substrate speci­
f i c i t i e s  different from the already discussed nonspecific exo-glucanases;
i . e . ,  the group of enzymes that hydrolyze laminarfn, pustulan, p-nitro- 
phenyl ß-D-glucoside, but not periodate-oxidized laminarin. At least two 
and possibly more forms of atypical exo-ß-glucanases have been recognized. 
In cel l  extracts of Pichia polymorpha and in culture f i l tra tes  of Candida 
util i s , an exo-ß-glucanase was found that hydrolyzes only laminarin and 
p-NPG but not pustulan or periodate-oxidized laminarin (20, 25, 27). In 
contrast, cell  extracts of Candida util is contained only the-typical, 
nonspecific exo-ß-(l,  3) (1, 6 )-glucanase (18). K1uyveromyces phaseolo- 
sporus (22) contains four enzymes with laminarinase activ ity . One of 
these was an exo-ß-glucanase, found mainly in the cytoplasm, that hydro­
lyzed both laminarin and periodate-oxidized laminarin, suggesting the 
possib il ity  that this enzyme can bypass the modified terminal molecule 
at the nonreducing end of laminarin. It also hydrolysed pustulan at a 
slow rate but not p-NPG. An enzyme secreted by protoplasts and intact 
ce l l s  of a strain of Saccharomyces cerevisiae (26) had similar properties
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except that p-NPG appeared to by hydrolyzed. Recently, Villa and Phaff 
(unpublished) studied the e-glucanases in the effluent from a commercial 
baker's yeast plant. They also identified an exo-ß-glucanase that could 
hydrolyse periodate-oxidized laminarin. Their enzyme, however, l ike that 
from K. phaseolosporus, did not hydrolyse p-NPG. In contrast to the 
typical, nonspecific exo-B-(l, 3) (1, 6)-glucanase which shows no activ ity  
on yeast cel l  walls or on alkal i - insoluble yeast glucan, the exo-ß- 
glucanase with activ ity  on periodate-oxidized glucan does demonstrate 
l yt i c  act iv ity  on isolated cell  walls (22) and could play an important 
role in cell  morphogenesis. A summary of the substrate sp ec i f ic i t ie s  of 
the various exo-ß-glucanases is  given in Table 2.
Table 2. Substrate sp ec if ic i t ie s  of exo-ß-glucanases
Lam
inarin
Periodate-
oxidized
lam
inarin
Pustulan
p-NPG
K1uyveromyces phaseolosporus (22)a + + + -
Pichia polymorpha (20) + - - +
Candida uti l  is (culture fluid) (27) + - - +
Candida uti l  is (cell  extract) (18) + - + +
S. cerevisiae (26) + + + +
S. cerevisiae commercial spent
broth (unpublished) + + + -
aNumbers in parentheses denote references cited.
Endo-ß-1, 3-glucanases
Although endo-ß-1, 3-glucanases were i n i t i a l l y  not recognized while 
studies were being conducted on exo-ß-glucanases in extracts or culture 
fluids of many species of yeast, Abd-El-Al and Phaff f i r s t  observed endo- 
ß-1, 3-glucanase activ ity  in cell extracts and the culture medium of two 
apiculate (bipolarly budding) yeasts, Hanseniaspora valbyensis and H. 
uvarum (28). The partially purified enzyme had no activ ity  on pustulan 
and hydrolyzed laminarin in a random pattern to oligosaccharides.
Barras (29) reported the presence of an endo-ß-1, 3-glucanase in 
Schizosaccharomyces pombe homogenates. Most of the enzyme appeared to be 
associated with the cel l  walls.  He noted that cell  walls of this yeast 
underwent a slow autohydrolysis when incubated in a buffer solution. 
During this process, high-molecular weight, soluble glycans, and ß-1, 3- 
linked oligosaccharides were liberated from the walls.  At the same time 
a solubilization of the wall-associated ß-1, 3-glucanase was observed, 
but because of instabi l i ty of the enzyme attempts at recovery and further 
purification were not successful.
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Work on endo-ß-1, 3-glucanase associated with the fission yeasts was 
followed up by Fleet and Phaff (17, 30). They chose to work with Schizo- 
saccharom.yces v e r s a t i l i s , which proved to contain much higher levels of 
ß-glucanase than $k pombe; and, in addition, the enzyme was much more 
stable. The cell extract and the culture fluid contained only non­
specific  exo-ß-(l, 3) (1, 6)-glucanase (24); but the cell walls,-when 
stored in buffer at pH 5.0,  underwent a slow autohydrolysis with release 
of ß-1, 3-linked oligosaccharides, glucose, and ß-glucanase activ ity .  
During the autolytic process, the walls became very thin and up to 80% of 
the total wall-associated laminarinase activ ity  could be recovered in 
soluble form. Of this act iv ity , 87% proved to be exo-ß-(l,  3) (1, 6)- 
glucanase (similar to that found in the cell extract and culture medium) 
and 13% was endo-ß-1, 3-glucanase. The latter  enzyme, when purified to 
electrophoretic homogeneity, was specific for the ß-1, 3-glucosidic bond 
and hydrolysed laminarin randomly to laminaribiose and glucose. Its low 
K value (0.33 mg of laminarin/ml) indicates a much higher aff in ity  for 
laminarin than shown by the various exo-glucanases (cf. Table 1). With 
laminarin, i t  was shown to have two cooperative active s ites  per enzyme 
molecule. The purified enzyme partially lysed Schizosaccharomyces walls,  
but complete ly s is  required the addition of a - 1 , 3-glucanase.
Preliminary evidence for the presence of endo-ß-1, 3-glucanases in 
the ce ll  walls of multi la terally  budding yeasts was f ir s t  supplied by 
Bacon et al .  (31). Maddox and Hough (32) detected endo-ß-1, 3-glucanase 
activ ity  in autolysed brewer's yeast, andvArnold (33) partially purified 
such an enzyme from baker's yeast. Farkas et a l . (26) fractionated the 
ß-glucanases excreted by protoplasts and intact ce l l s  of S. cerevisiae 
on DEAE-cellulose columns. One of the fractions, both from ce lls  and 
protoplasts, was an endo-ß-1, 3-glucanase. This enzyme was also present 
in the protoplast lysate. Other yeasts in which cell wall-associated 
endo-ß-1, 3-glucanases were demonstrated (30) include Saccharomyces rose i, 
K1uyveromyces f r a g i l i s , Hansenula anomal a , Pichia pastoris, and Candida 
uti l  i s . Villa et al .  (27) and Notario et aT) (18) did not detect endo- 
glucanase activ ity  in the culture fluid or in cell extracts of Candida 
uti l  i s . This enzyme i s ,  therefore, presumably tightly bound to the cell 
wall.  In contrast, Villa et al .  (22) demonstrated two endo-ß-1, 3- 
glucanases in cel l  extracts and supernatants of lysed protoplasts of 
K1uyveromyces phaseolosporus. The enzymes, which were separated by a 
single passage of the crude extracts over Sephacryl S-200, differed in 
K value for laminarin, molecular weight, and pH-activity profiles but 
showed the same action pattern on laminarin with the production of lami­
naribiose and glucose as end products. Each, of the endo-glucanases^ 
caused extensive lys is  when baker's yeast cell walls were treated with 
them.
PHAFF
Less work has been published on the presence of ly t ic  ß-glucanases 
in yeasts with basidiomycetous a ff in ity ,  even though ß-glucans constitute 
one of the important cell wall components (1).  Villanueva and Gacto (25) 
reported that ß-1, 3-glucanase activ ity  was lacking in cell extracts of 
Rhodotorula mucilaginosa, R. minuta, Sporobolomyces albidus, and S. sal-  
monicolor but present in Cryptococcus diffluence. However, they did not 
determine the action pattern of the enzyme in the last  species. Notario 
et al .  (19),  however, showed that the ß-glucanase from Cryptococcus 
albidus var. aerius hydrolysed both laminarin and pustulan and i s ,  there- 
fore, not an endo-ß-1, 3- but an exo-ß-(l, 3) (1, 6)-glucanase. Meyer
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and Phaff (9) demonstrated significant 3- 1 , 3-glucanase activity  
associated with the ceil walls of Rhodotorula g lut ini s , R.. minuta, Crypto­
coccus terreus, and Cr. infirmo-miniatus, but ß-1, 6-glucanase was absent. 
Since they did not determine the action pattern of the wall associated 
enzyme, i t  could be an endo-ß-1, 3-glucanase, a specific exo-ß-1, 3- 
glucanase, or a mixture of both. Further work in this area is needed to 
elucidate the role of 3-glucanases in morphogenesis of basidiomycetous 
yeasts.
ß-GLUCANASES AS GLYCOPROTEINS
Most investigators who purified ß-glucanases from yeast did not 
determine i f  any of these enzymes contained carbohydrates in their mole­
cules. Notario et al .  (18),  who isolated a nonspecific exo-3-( l , , 3)
(1, 6)-glucanase from cell extracts of Candida util is  and purified i t  to 
homogeneity (based on gel electrophoresis and ultracentrifugation), found 
that the enzyme contained 68% carbohydrate of which 53% was glucose, about 
7% mannose and the remainder unidentified. A specific exo-ß-1, 3- 
glucanase (without activ ity  on pustulan) excreted into the culture fluid 
by C. util is  (27) contained 20% carbohydrate. Glucose was the principal 
sugar, but small quantities of mannose were also found. A nonspecific 
exo-B-(l, 3) (1, 6)-glucanase from cell extracts of K1 uyverom.yces aes- 
tuarii (21) was also shown to be a glycoprotein with 24% carbohydrate.
In this case the component sugars were not determined. The two types of 
exo-B-glucanases found in Pi chi a polymorpha (20) also were shown to be 
glycoproteins with glucose as the principal sugar (34). Even though 
these exo-glucanases contained some mannose in their carbohydrate, they 
fai led to interact with concanavalin A; and presumably the number of 
receptor s i te s  in the carbohydrate moiety or i t s  spacial configuration 
i s  inadequate for effective binding to the lectin . Probably not all exo- 
glucanases behave identically with respect to concanavalin A because 
Biely et a l . (35) observed an incomplete precipitation of baker's yeast 
exo-B-glucanase in the absence of competing glycoprotein. Villa and 
Phaff (unpublished) also detected an atypical exo-B-glucanase in the 
spent culture fluid of a commercial yeast plant (Table 2) that could be 
adsorbed on concanavalin A-Sepharose 4B.
The glycosylation of endo-ß-1, 3-glucanases appears tovary.  The 
f i r s t  enzyme to be investigated in this regard was from Schizosaccharomyces 
versa ti l is  (30), and chemical analysis of the pure enzyme did not reveal 
any carbohydrate. It is possible that the fission yeasts are unique in 
this respect because subsequent investigators have shown by chemical 
analysis that several endo-B-l, 3-glucanases from multilaterally budding 
yeasts are glycoproteins with a strong a ff in ity  for concanavalin A. Biely 
et  al. (35) showed that both intact ce lls  and protoplasts of Saccharomyces 
cerevisiae excreted two exo-glucanases and one endo-glucanase into the 
culture f luid.  The latter  enzyme was quantitatively precipitated by 
concanavalin A, even in the presence of other mannoproteins. Vil la and 
Phaff (unpublished) also isolated an endo-ß-1, 3-glucanase from the spent 
broth of a commercial yeast factory by adsorption on concanavalin A- 
Sepharose 4B. Villa et al .  (34) reinvestigated the ß-glucanases 
associated with Pichia polymorpha (20) and tested the purified enzymes 
for carbohydrate content. As discussed above, the two exo-glucanases 
contained glucose as the main sugar; but the endo-ß-1, 3-glucanase was 
shown to be a glycoprotein in which mannose was the predominant sugar 
(mannose:glucose ratio 1.7).  The exo-glucanases of this yeast failed to
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bind to concanavalin A, whereas the endo-enzyme was strongly bound. No 
details on the structure of the polysaccharides associated with the exo- 
and endo-enzymes are known at this time. Since both contain glucose and 
mannose (although in different ratios) ,  structural details of the poly­
saccharides need to be elucidated to explain the differences in the 
binding to the lectin . Based on the knowledge that yeast mannan, a 
highly branched polysaccharide, binds to concanavalin A, i t  is l ikely  
that the polysaccharide associated with endo-ß-1, 3-glucanases has a 
similar structure. The problem with studying the structural details of the 
carbohydrate moiety of such enzymes i s ,  of course, to obtain a sufficient  
quantity of pure enzyme.
LOCALIZATION OF ß-GLUCANASES IN YEAST
Because mechanically prepared cell extracts contained significant  
levels  of laminarinase act iv ity ,  i t  was originally thought that most of 
this act iv ity  was located in the cytosol and that in some species part of 
the enzyme is excreted into the culture medium during growth (16). Cyto- 
logical studies by Moor (36) with S. cerevisiae demonstrated that the 
budding process is  initiated by a striking,  localized vesiculation of the 
endoplasmic reticulum. The vesicles appeared to fuse with the cell wall 
at the s i te  of the prospective bud and were thought to contain cell wall 
modifying enzymes. Matile and co-workers (37, 38) subsequently demon­
strated the association of laminarinase activ ity  with vesicular type 
particles isolated from SL cerevisiae. Excess laminarinase or enzyme 
remaining after completion of the budding process could then diffuse 
through the cell  wall and arrive in the culture medium.
More definitive results were obtained by comparing total laminarinase 
activ ity  in mechanically prepared extracts of whole cel l s  and lysed proto­
plasts of S. cerevisiae (37, 38). The protoplasts contained only 20% of 
the total laminarinase activ ity  in whole cell extracts and part of this  
activ ity  was sedimentable. It was, therefore, concluded that 85-90% o£ 
the laminarinase of whole ce l l s  is external to the plasmalemma. Farkas 
et al. (26) confirmed the findings of Cortat et a l . (38) and concluded 
that the ß-glucanases of baker's yeast are located in the periplasmic 
space of the cell envelope. Evidence for such location in other species 
has been forthcoming. Villa et al .  (22) found that protoplasts of K1 uy- 
veromyces phaseolosporus contained only 5% of the laminarinase activity  
of whole cell  extracts. Villanueva and Gacto (25) were able to inactivate 
selectively  nearly all laminarinase activ ity  of Candida uti l  is by mild 
mineral acid treatment without affecting significantly the viabi l i ty of  
the ce l l s  or an internal marker enzyme ß-glucosidase. The same was shown 
for the laminarinases of Pichia polymorpha (20). Since during cell  break­
age the glucanases of yeasts appear to a large extent in the soluble 
extract, these enzymes do not appear to be covalently linked to the cell 
wall polysaccharides. Mechanical cel l  disruption must cause extensive 
damage to the wall-adhering membrane causing release of the enzyme. It 
appears, at least in some yeasts, that the endo-ß-1, 3-glucanase is  more 
t ightly bound to the wall than the exo-enzymes (16, 30).
FUNCTION OF YEAST ASSOCIATED ß-GLUCANASES
At least f ive functions for yeast cell wall-associated ß-glucanases 
can be l ised.  ( i )  The abi l i ty of some yeasts to ut i l i ze  laminarin or its  
oligosaccharides for growth (10, 11) endows such species with a nutritional
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advantage by being able to grow in a marine environment on decomposing 
seaweeds or in soil at the expense of autolysing fungi ( e . g . ,  mushrooms). 
The exo-ß-glucanases discussed in the previous sections can supply the 
cel l  with glucose for growth.
( i i )  Directly preceding and during early stages of bud init iat ion  
the ß-glucanase level of synchronously dividing ce lls  rises (32, 38) 
and the specific  act iv ity  per unit dry weight of ce l l s  decreases during 
the period of bud maturation. The rise in enzyme level coincides with 
the secretion of glucanase-containing vesicles in the area where a bud is  
to emerge (38). When the secreted glucanases reach the cel l  wall glucan, 
the endo-ß-1, 3-glucanase component is  thought to cause breaks in the 
existing glucan network in a random pattern. Chain length adjustment can 
then be accomplished by the exo-ß-glucanases present. During this cell  
wall softening process, expansion of the bud becomes possible; but this  
must be supplemented by the concerted action of UDPG glucosyltransferase(s) 
which insert new glucosyl units into the expanding wall (39). In the 
presence of 2-deoxyglucose, which interferes with the synthesis of UDPG, 
insertion of new glucosyl units in the areas of glucan synthesis (such as 
the apical portion of young buds) is  blocked and lysi s  of the cell  takes 
place (39). Nonbudding ce l l s  contain glucanases in the periplasmic space; 
but the enzymes do not hydrolyse the cell wall glucan or cause lys i s ,  
either in the presence or absence of 2-deoxyglucose. A clear explanation 
for this lack of activ ity  is not available; but presumably in the mature 
cel l  these enzymes and their substrate become physically isolated from 
each other, thus preventing hydrolysis.
( i i i )  The ß-glucanase complex also plays an important role in the 
l ys i s  of asci of those species of yeast that release their spores upon 
maturity ( e . g . ,  species of Kluyveromyces, Pichia, and Hansenula). Such 
yeasts generally contain higher ß-glucanase levels than those that do 
not liberate the spores from the ascus (16, 38). In K1uyveromyces 
phaseolosporus (22) two endo-glucanases and an exo-glucanase (with 
activ ity  on periodate-oxidized laminarin) were shown to have ly tic  
activ ity  on isolated cel l  walls,  and these enzymes are thought to be 
responsible for the lysis  of ascus walls.  There is no informatin on 
the factors which allow these enzymes to ini t iate the lyt i c process when 
the cell  wall becomes an ascus wall.  It may be that even in mature cel l s  
there is a balance between synthetic repair processes and lyt i c  activ ity  
of the glucanases in such yeasts; but that after the formation of the 
ascospores, the glucan-synthesizing enzymes are locked away in the spores, 
leaving the glucanases free to lyse the ascus wall.
(iv) Brock (40) reported that cel l  fusion during sexual conjugation
in Hansenula wingei required protein synthesis, and he postulated that this 
protein represented cel l  wall-softening glucanases acting on the mating 
ce l l s .  Evidence for this was provided later when he showed that the S - l , 
3-glucanase level increased sharply during cell  conjugation (15). A 
similar phenomenon was shown to occur in conjugating ce l l s  of Schizo- 
saccharomyces versa ti l is  ce l l s  (17). It is possible that the mating 
pheromones produced by haploid, heterothallic ce l l s  and which cause copu- 
latory outgrowth in ce l l s  of complementary mating types are directly or 
indirectly responsible for the induction of glucanases involved in cell  
wall softening.
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(v) Yeast autolysis. As a final example of the role of ß-glucanases 
in yeast, their participation in autolytic processes may be mentioned (32, 
33). Although cytoplasmic protein degradation constitutes the main event 
in autolysis, limited hydrolysis of cel l  wall polysaccharides also takes 
place. The d if f icu lty  of complete auto-digestion of isolated Schizo- 
saccharomyces walls was pointed out by Fleet and Phaff (30); and these 
authors obtained preliminary evidence that laminari-saccharides may 
inhibit  the activ ity  of endo-ß-1, 3-glucanases. Nevertheless, ascus 
walls of Schizosaccharomyces lyse completely after the spores are mature; 
and the different su scep tib il i t ies  of cell walls and ascus walls to 
autolysis cannot be explained at this time. It may be postulated that 
during the process of ascosporulation a highly ly t ic  ß-glucanase is syn­
thesized in the cytoplasm and that such an enzyme in it ia tes  the l ys i s .
Much remains to be learned on the regulation and physiology of the ß -  
glucanase complex in yeast.
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INTRODUCTION
Studies carried out in the last few years have brought important 
changes in the concept of the biological -role of the yeast cell 
wall. Today the cell walls are not envisaged as inert structures 
with mere mechanical functions but as surface organelles which 
show specific turnover and support various catalytic processes 
related to cell economy and morphogenesis. Shape and, in most 
instances, even the cell viability are dependent upon the integ­
rity of the cell wall. In spite of the importance of the yeast 
cell wall, knowledge on the molecular basis of its organization 
and differentiation is far from complete. As pointed out in a 
recent review (1), probably one of the factors responsible for 
this situation is the lack of a united approach from the several 
areas engaged in explaining at the molecular level the biogene­
sis and morphogenetic changes of this complex structure.
Among the multidiscipalinary treatments that have focused on the 
yeast cell walls, the study of specific lytic enzymes able to act 
exogenously on the cell wall has been important in trying to de­
velop an integrated view of its architectural organization (2-4). 
More recently, interest has been increasing on the occurrence of 
endogenous enzymes capable of modifying the main structural poly­
mers of the cell wall and to account for the various changes 
that take place in the wall during the life cycle of yeast cells. 
In this contribution we will briefly summarize some selected as­
pects of the cell wall of yeasts to illustrate what we know and 
what still remains to be known about this structure and the re­
lated enzymes presumably involved in its modifications.
STRUCTURAL ELEMENTS OF THE YEAST CELL WALL
%The general design of the cell walls is similar even at very dif­
ferent biological levels. They all contain structural polymers 
which are responsible for their mechanical strength and also for 
the cell morphology, forming the framework upon which soluble 
polymers are found. In the various biological groups that possess
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cell walls, different types of molecular solutions to the prob­
lem of conferring mechanical strength on the wall are found.
The framework in Saooharomyoes oerevisiae is a group of micro­
fibrillar polymers consisting of glucose units joined mainly by 
ß (1:3) linkages. Early evidence that this component is the 
main structural polymer in S. oerevisiae walls was obtained 
when it was found that after extraction of soluble wall compo­
nents by alkaline and acid treatment the residue showing the 
call shape was the ß-glucan (5). The ß-glucans are embedded in­
to a matrix mainly formed by glycoprotein complexes generical- 
ly called yeast mannan. These glycoproteins are formed by man­
nose units linked to polypeptide backbones. The protein moiety 
of these molecules may act as a bridge between several mannan 
subunits giving rise to a polymer with a very high molecular 
weight which also contains phosphate (6). The mannose units of 
mannan are not ß-linked as in higher plants but attached through 
a-glycosidic bonds. Another structural polymer also present in 
the yeast cell wall, although generally in much smaller quan­
tities, is chitin, a polysaccharide formed by repeating units 
of N-acetylglucosamine. In budding yeasts this compound is main­
ly located at the neck between mother and daughter cells origi­
nating the primary septum and supporting one of the most con­
spicuous formations on the cell wall : the bud scar (7,8).
The above components, glucan, mannan-protein complexes and 
chitin, account for the bulk of the dry weight of the yeast cell 
wall. Some other minor components, such as lipids, have also 
been described but their contribution to the architecture of 
the wall is unclear. In addition to providing an envelope res­
ponsible for both the compressional and tensile strenght of the 
cell, the wall also defines a periplasmic space above the plas­
ma membrane in which several exoenzymes have been located. Many 
of the cell wall associated enzymes are in turn glycoproteins 
with mannan as part of their molecule (9). We will describe 
some of the prominent characteristics of the major components 
just mentioned and afterwards discuss the role of endogenous 
lytic enzymes relevant to the morphogenesis of the yeast cell 
wall.
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YEAST GLUCAN
Glucan is the main component of S. oerevisiae cell walls, re­
presenting as many as 60 % of the wall. Chemical analysis of 
the yeast glucan has given conflicting results but it has been 
recently shown that, as usually prepared, it is heterogeneous 
and contains both 6(1:3) glucan components. Baker's yeast cell 
walls contain at least three kinds of glucan. An alkali-soluble 
form has been characterized that previously was discarded during 
extraction and purification of the mannan fraction. This glucan 
represents about 20 % of the cell wall and behaves as a homo­
geneous molecular species in ultracentrifuging, gel filtration 
and electrophoresis (10). Structural analysis of this fraction 
revealed that most of the linkages are of the 0(1:3) type, al­
though approximately 10 % of 0(1:6) linkages are also present. 
Examination by electron microscopy of the cell walls after
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alkaline extraction of this glucan reveals that an amorphous 
surface layer also containing the mannan has been removed but 
the cells exhibit the original shape, suggesting therefore, that 
this glucan species does not significantly contribute to the 
architectural features of the wall. This glucan contains a small 
proportion of mannose and protein, indicating that in the cell 
wall it may form part of a glucan-mannan protein as suggested 
previously (11).
The alkali-insoluble glucan comprises in turn two components.
The major one represents about 85 % of the crude alkali-insol­
uble fraction and it is a branched 6(1:3) glucan containing 
about 3 % of 6(1:6) linkages (12). The minor component is some­
what anchored to the major one, from which it can be isolated 
by extraction with hot acetic acid. It consists of a highly 
branched 6(1:6) glucan with a small proportion of 6(1:3) inter­
chain linkages (13). When the alkali-insoluble glucan is render­
ed soluble by various enzymic or chemical treatments the origin­
al shape of the cell virtually disappears leaving the bud scars 
as residues of the original wall. Some results indicate that 
the major glucan with predominant 8(1:3) linkages form an inner 
layer covered by a shall of the predominantly 6(1:6) linked po­
lysaccharide (5,14). There is also evidence that the alkali- 
soluble glucan is located between the alkali-insoluble glucan 
and an outer layer of a mannan-protein complex thus acting as a 
bonding material (10).
The physical state of the structural glucan in native intact 
cell walls has been surrounded with some controversy centred 
upon whether or not fibrills of glucan exist as such in the cell 
wall. The answer has been in dispute for years. Parital hydro­
lysis by boiling in dilute hydrochloric acid makes the residual 
alkali-insoluble glucan assume a crystalline arrangement termed 
hydroglucan that is characterized by a microfibrillar appear­
ance. Some considerations suggested that the microfibrillar dis­
position of this fraction in the cell wall was an artifact (5). 
Hydroglucan probably represents a linear polymer of 8(1:3)link­
ed glucose residues arising by elimination of branch points 
what might enable this component to aggregate, but the configura­
tion of the intact structural glucan is more complicated. How­
ever, there are studies in which microfibrills have also been 
observed under other circumstances. The existence of a fibril­
lar component has been recently demonstrated by methods as mild 
as enzymic treatment by bacterial glucanases (14). Densely in­
terwoven microfibrills were also demonstrated in the same study 
in untreated cell walls by electron microscopy after negative 
staining. It would thus appear that the glucan might present a 
crystalline-like configuration at least partially but that this 
structure is normally difficult to visualize a^ iong the amorph­
ous wall material. Nevertheless, the physical basis for this 
conformation is unclear. A fibrillar network is also frequently 
observed during the process of cell wall regeneration by yeast 
protoplasts, but this may not correspond to glucan (15).
Because of the structural function of glucans it would be im­
portant for the understanding of the cell wall to know how they
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are synthesized and laid down. Unfortunately, the data are 
sparse. Cell-free extracts capable of synthesizing glucan have 
been recently described (16, 17). Some results point to the 
fact that UDP-glucose might be the nucleotide involved in glucan 
synthesis (16, 17) and glucose analogs have been found to inter­
fere with glucan synthesis and to cause cell lysis (18). At pre­
sent knowledge on the synthesis of these components in yeasts 
can rely only on indirect evidence of glucan incorporation into 
the wall. It was considered that synthesis of both glucan and 
mannan occurs continuously along the whole cell'cycle (19). How­
ever, a reevaluation of the data suggests that the rate of syn­
thesis is not constant but considerably reduced at the time of 
cell division and in the prebudding phase (20).
It should be finally noted that glucan molecules in which the 
glucose units are mostly a(l:3) linked occur in other yeasts 
such as Cryptococcus and Schizosaccharomyces species (21, 22).
In others, such as Rhodotorula and Sporobolomyces, glucan poly­
mer responsible for the structural functions carried out by 
glucan in most yeast cell walls (23-25).
ENDOGENOUS YEAST GLUCANASES
Attention has recently focused on the role of endogenous lytic 
enzymes able to modify the structure of the yeast cell wall 
through the morphogenetic processes of the yeast life cycle.
Cell conjugation, sporulation, budding and cell wall extension 
during vegetative growth as well as yeast autolysis are phe­
nomena in which the yeast cell wall appears to be subjected to 
partial lysis or softening by controlled cell-associated en­
zymes. Since glucan is considered the main structural component 
of the cell wall the participation of ß-glucanases in these pro­
cesses has been frequently claimed. Earlier interpretations of 
cell wall morphogenesis implicated both sulfhydryl cell wall 
content and the enzyme protein disulfide reductase in the weak­
ening of the wall structure (26). However, the activity able to 
cleave disulfide crosslinks among cell wall proteins is not pre­
sent in all yeasts (27).
Brock reported the existence of an intracellular @(1:3) glucan- 
ase in baker's yeast capable of hydrolyzing both laminarin and 
pustulan as well as p-nitrophenylglucoside (28). Glucose was 
the only product liberated when acting on the corresponding 
glucans. The enzyme activity exhibited by this enzyme on the 
three substrates appears to be the common pattern of substrate 
specificity to most yeast exo-splitting g-glucanases. A similar 
enzyme was later reported in Hansenula wingei and since the 
activity sharply increased during conjugation it was postulated 
that the activity could be involved in cell wall softening dur­
ing the mating of the cells (29). Phaff's co-workers also ex­
amined several yeast species for the presence of this activity 
(30). In all cases exoglucanase activity was detected in cell 
extracts and the extracellular activity, when present, had 
identical properties to the intracellular one. As noted above, 
the enzymes showed unspecific activity on laminarin, pustulan
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and PNPG. The enzyme from S.  l a a t i s  also cleaved both ß(l:-3) 
and 3(1:6) glucan in an exosplitting fashion as well as the 
synthetic low-molecular weight glucoside (31). However, the 
exo-ß-glucanase from Ca ndi da  u t i l i s  appears to be specific for 
laminarin only; it had no activity on pustulan or gentibiose 
although it was able to hydrolyze PNPG (32).' An enzyme with the 
same anomalous substrate specificity has also been reported in 
P i c h i a  p o l y m o r p h a (33).
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TABLE 1 Characteristics of purified tß-glucanases from Cr. a l -
b i d u s  (38).
Properties G-I G-II G-III G-IV
Elution from DEAE-Sephadex 
at pH 7.0 (NaCl) 0.25 M 0.5 M 0.6 M
not
retained
Optimum pH for activity 5.0 5.5 5.0 5.0
% Activity after 10 mins, 
at 50°C 41 23 16 16
Isoelectric point 4.1 4.1 3.-9 6.0
Molecular weight (xlO^) 20 10 21 21
Action on laminarin endo exo exo exo
In contrast to the enzymes just described the 3(1:3) glucanases 
from other yeasts hydrolized laminarin to oligosaccharides and 
did not cleave postulan nor PNPG (34). Endo-3(l:3) glucanase 
activity was also described as occurring in the fission yeast 
Sah.  p o m b e (35). The enzyme was mostly associated with the cell 
wall and solubilization resulted in increased instability. A 
detailed study of the activity in Sah.  v e r s a t i l i s  revealed the 
occurrence of two glucanase enzymes; a soluble exoglucanase ac­
tivity accounted for most of the total activity and a minor 
endoglucanase was also found to be bound to the cell wall (36). 
The activity of the isolated exoglucanase on alkali-insoluble 
glucan was only negligible while the endoglucanas.e caused ex­
tensive cell wall lysis. This may serve as an indication that 
the former enzyme does not play a major role in cell wall lysis. 
Evidence for the occurrence of endoß(1:3)glucanase activity has 
been additionally shown in a great number of yeast species which 
show multilateral budding (33,37). In many cases the occurrence 
of both exo- and endo-splitting enzymes has later been describ­
ed and the reinvestigation of the enzyme composition in various 
species previously studied has revealed that the glucanase sys­
tem may be more complex than originally thought. For instance, 
up to at least four different glucanase enzymes can be distin­
guished in Cr. a l b i d u s  on the basis of physico-chemical pro­
perties and substrate specificity (Table 1).
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Interest in the significance of these enzymes was further promt- 
ed by Johnson's observations on the cell wall lysis induced by 
glucose analogs (18). A generalized model was suggested by 
which changes in the glucan layer of the wall would occur by a 
concerted participation of both endogenous glucanases and glu­
can synthases; the first enzymes would create new points of in­
sertion by cleaving some glucan linkages on which the synthase 
would act by adding new sugar units. The net balance of both ac­
tivities would then determine either autolysis or extension of 
glugan during growth. A similar suggestion about glucanase in­
volvement in cell wall changes has been also supplied by exa­
mining cell growth and cell wall integrity in several sprofitic 
yeast species which grow normally at 27°C but lyse when shifted 
to 37°C in the absence of osmotic stabilization (39). UDP-glu- 
cose, a precursor for glucan biosynthesis, accumulates into the 
medium at the restrictive temperature and a fissure develops 
where normally a bud would appear. No differences were noted in 
exoglucanase activity of intact cells, cell homogenates or fil­
trates of cultures grown at the two temperatures. Unfortunately 
the levels of endoglucanase, which is the enzyme more strongly 
suspected to be involved in yeast cell wall biogenesis, were 
not measured in these studies. The above observations could be 
interpreted to mean that aberrant wall formation and lysis in 
unstabilized medium at 37°C is the result of an inbalance bet­
ween the effective utilization of the new wall synthesis pre­
cursor at the site of bud formation and the action of repair 
enzymes. This model is quite suggestive but, although glucanases 
have been located at the level of the cell wall (32), practical­
ly nothing is known about the actual location of the glucan syn­
thases enzymes in yeasts (16, 17).
Additional circumstantial evidence has accumulated to indicate 
a role for glucanase enzymes in the various processes of cell 
wall reorganization that accompany yeast morphogenesis but no 
direct proof has yet been established (40). A screening about 
endogenous glucanase enzymes in several yeast species revealed 
an initial correlation between presence or absence of the cor­
responding structural glucan on the wall and the presence or 
absence of enzyme activity (32). A sudden increase in enzyme 
activity was also noted during the transition to arthrospore 
forms in dimorphic Endomycetales, where the mycelial phase has 
a lower glucan content as compared to yeast-like cells, and 
based on these observations there were suggestions about glucan­
ase implication in cell fragmentation. However, alternative ex­
planations for this and other results are possible. Fungal glu­
canases appear to be constitutive enzymes that may be regulat­
ed by catabolite repression (41) so that glucose depletion could 
be the cause of both a parallel increase in glucanase activity 
and the simultaneous triggering of other unrelated phenomena.
Studies with synchronous cultures of S.  c e r e v i s i a e  gave support 
to a functional role of yeast glucanases in cell budding (42).
In those studies an increase in the enzyme activity at the 
phase of growth closely preceding the initiation of budding was 
observed. However, the significance of these findings is not 
clear and might be the subject of controversy. The involvement
VILLANEUVA ET AL.
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of these enzymes in the budding process during the course of 
the cell cycle in S. aerevisiae has been extensively investigat­
ed in this laboratory by zonal fractionation of cell cultures 
and the results are presented in an accompanying contribution 
to this volume C43). Based on earlier reports on the possible 
role of these enzymes in conjugation (29, 44), recent studies 
have also clarified that the mating process is not necessarily 
accompanied by sharp increases in glue-^nase activity. A detailed 
examination of the exo- and endoglucar activi tv at various- 
times during the process revealed the 
conjugation was a change evident in tl 
two activities although a glucanase ei > 
after mating and zygote formation had,
(43). It seems therefore that if glucc .
implicated in cell wall precopulatory ^uion
should be mediated by changes in the i the activity
or cell wall substrate accessibility i^ner than by changes in 
enzyme levels.
Despite the extensiveness of data regarding yeast 6(1:3)glucana- 
ses, direct experimental evidence is lacking to confirm unequiv­
ocally the hypothesis about their role. The most rational ap­
proach towards the elucidation of the functionality of these en­
zymes should be the isolation and characterization of mutant 
cells altered in their production. The apparent difficulty in 
trying to obtain such kind of viable mutants was previosly em­
phasized as an argument to further supporting the idea of their 
involvement in the normal cell development (31). In this con­
text, the isolation of a mutant from S. oerevisiae defective in 
the production of 8(1:3 Jexoglucanase has recently been obtained 
in this laboratory (45). The selection procedure after mutagen­
esis was based on the capacity of the periplasmic exoglucanase 
to cleave synthetic glucosides.
The isolated mutant retained the 8(1:3) endoglucanase activity 
but the exo-splitting enzyme was totally undetectable in cell 
extracts (Fig.)1 . Moreover, a protein band identified as the 
énzyme in electrophoretic runs of extracellular products secret­
ed by the wild type strain could not be detected by analyzing 
the proteins secreted by the mutant. The altered character was 
stable and showed Mendelian segregation; since the endoglucanase 
activity was not modified by the mutation it is clear that the 
two activities behave as the products of different, unrelated 
nuclear genes. The mutation does not seem to affect the physi­
ology of the yeast cells since no significant alterations were 
observed when different parameters of the mutant and the wild 
type strains were comparatively analyzed (46). Thus, these re­
sults strongly argue against a critical involvement of this en­
zyme activity in yeast cell wall morphogenesis although a major 
role in those processes could be exerted by the endoglucanase 
enzyme, an important part of which is also located in the peri­
plasmic space (46). In support of this proposal the authors pay 
attention to the fact that the endohydrolytic enzyme shows a 
much higher affinity for yeast g(l:3)glucan than the exohydro- 
lytic enzyme. Obviously there is no doubt that the obtention of 
non-lethal mutants deficient in 8(1:3) endoglucanase would de-
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finitively clarify the controversial role of ß-glucanases in 
modifications of the yeast cell wall.
Fig. 1 Growth Ca) and production of ß-glucanases (b) in S. ae- 
revisiae S288C (•) and C31C Co). (Modified from (45)).
CHITIN AND YEAST CHITINASES
As already mentioned, chitin is another structural polymer of 
the yeast cell wall. Independent pioneer work showed that chitin 
is mainly concentrated as a disk-like plug at the bud scar re­
gion in S. aerev-i-s-iae (7,8 ). Based on its rather restricted spa­
tial location and on the fact that its synthesis takes place 
only during a limited portion of the cell cycle a model has 
been proposed to account for the localized distribution of 
chitin in space and time ( 4 7); several assumptions of the model 
have been proved although recent data point to the existence of 
alternative activation mechanisms for the zymogen chitin syn­
thase (48,  4 9 ) .  New structural approaches on Chitin biosynthesis 
have also emerged from the discovery of vesicles that act as 
conveyors for chitin synthase from the endoplasmic reticulum to 
ist final destination on the plasma membrane (50). A recent re­
examination of chitin location on the cell wall by using a spe­
cific lectin as cytochemist marker has recently indicated that 
it is not exclusively limited to the bud scar area but is also 
present all around the cell wall (51). However, quantifica­
tion of this material is missing. Deposition of this polymer on 
the zone of the wall newly growing during mating has also been
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Fig. 2 Chromatographic profiles of the hydrolisis products of 
chitin by cell extracts from different yeasts and by 
chitinase from S t r .  g r i s e u s .
described (52 ).
While the synthesis and location of chitin in budding yeast has 
been mostly studied in S.  c e v e v i s i a e  there are however other 
species in which larger amounts of this component are present 
(23-25 ). In those cases chitin might follow a different arrange­
ment and play an important structural role in the cell walls.
In this context it is of interest to report that we have re­
cently initiated a study on the presence of chitinases in yeasts. 
By using radioactive substrate obtained by acetylation of 
chitosan (53, 54) we have been able to demonstrate the occur 
rence of such enzyme activity in cell extracts from several spe­
cies. Yeast chitinases show a hydrolytic pattern .similar to that 
reported for the actinomycete S t r e p t o m y a e s  g v i s e u s  releasing 
mostly diacetylchitobiose from chitin in species in which N- 
-acetylglucosaminidase activity could not be detected .(Fig. 2). 
Contrariwise to other lytic enzymes from yeasts the activity 
was not evident extracellularly nor was it significantly in­
activated under conditions in which periplasmic enzyme activ­
ities are lost (32). The enzyme from the dimorphic species 
G e o t r i c h u m  l a a t i s  has been further investigated. In the miceli- 
al phase about 30 % of the activity is found associated to mem­
branes while almost 70 % of the activity represents soluble 
intracellular enzyme; an opposite distribution is found in 
yeast-like unicellular forms. By centrifugation of cell ex­
tracts from protoplasts in density gradients the particulate
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ENZYM E DISTRIBUTION
UNITS
Lysate ol 
protoplasts
Fraction
soluble
Band I
1 6 5 .9  
1 1 3 .5  
^  51 .»
•».»
30 4
B a n d  II --------- >■ 3.2 1 .9
B and III v  1 .9 1.1
Fig. 3 Percentage distribution of chitinase activity from 
protoplast lysates of the mycelial form of G.l a a t i a  
in Renografin gradients.
enzyme has been preferentially located in a fraction of low 
density membranes that might correspond to vacuoles (Fig. 3). 
The significance of these findings in morphogenesis remain un­known .
OTHER CELL WALL RELATED LYTIC ENZYMES FROM YEASTS
Yeast mannan is considered as a cementing polymer without skel­
etal properties although it is well established that the action 
of chelating and thiol agents on the protein moiety of these 
complexes allows cell wall softening (55) . As far as we know 
there is a single reference to the presence of mannanase ac­
tivity in yeasts (56) and some preliminary data from our labo­
ratory also confirm the presence of such activity in autolysates 
from S. cerev-isiae. Since mannan is at the surface of the wall 
it is a candidate with a role to play in cell surface morpho­
genetic phenomena (51). Changes in this component at the early 
steps of conjugation have been detected but the results sug­
gest that the modifications can be explained by an altered 
rate in the synthesis of the wall polymer rather than by in­
volvement of hydrolytic activities (57).
The presence of xylomannans among basidiomycetous yeasts is 
known although the relevance of these polymers in the architec­
ture of the cell walls has not been evaluated (22, 38). The oc­
currence of a xylanase activity has been reported (58); the 
activity assayed in permeabilized cells is periplasmic endo- 
hydrolytic in nature and highly unstable (Fig. 4).
Nevertheless, the significance of this type of activity in cell 
wall related events remains to the established.
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Fig. 4 Dose dependence (a) and time course inactivation at 
37°C (b) of xylanase activity in Cr. a l b - i d u s . 
(Modified from (38)).
The presence of a(l:3) glucan has also been demonstrated in 
cell walls of various yeasts and its occurrence is suspected 
in others (21, 22). This component may be more widely distri­
buted in the cell wall of yeasts than assumed previously and 
a(l:3) glucanases could be present among the enzymes produced 
by microorganisms capable of lysing these walls. As an example 
it should be mentioned that S ah ,  pombe cells fail to produce 
protoplasts when treated with glusulase unless the enzyme com­
plex is supplemented with a(l:3) glucanase of microbial origin 
(unpublished results). This enzyme activity has also been 
implicated in morphogenesis of filamentous fungi (59). Fol­
lowing the assumption that a(l:3) glucanases should occur in 
yeasts that presumably contain this particular wall polymer as 
a structural entity efforts have been made to detect the pre­
sence of these enzymes in yeast cells. The results from a sur­
vey for the activity revealed the absence of enzyme activity 
in several species of the genus S a h i z o s a a a h a r o m y a e s while as­
says in species of C r y p t o o o a c u s , R h o d o t o r u l a  and Endomyaes  
gave indication for the presence of a rather labile a(l:3) 
glucanase which was mostly associated with cell wall fractions 
(60). Interestingly, the existence of the substrate polymer
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has not been reported in Rhodotorula and, conversely, no activ­
ity was detected in genera in which cell wall a ( l : 3 )  glucan has 
been demonstrated. These results yield the idea that the pre­
sence or absence of the enzyme activity cannot be used as a mar­
ker to unequivocally postulate the corresponding presence of the 
substrate at the level of the cell wall. In addition, the rapid 
inactivation of the enzymes so far investigated suggests that 
it is probable that the quantitative estimations of the activi­
ties detected are not representative of their actual or poten­
tial activity "in vivo" and that the apparent absence of the en­
zyme in yeasts known to contain the polymer may deserve more 
careful examination.
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CHARACTERIZATION OF HYDROLASES IN PROTOPLASTS, MYCELIUM,
SPORES AND ABERRANT TUBES OF TRICKODERMA VIRIDE
SUMMARY
Hydrolases  of  the f i l ament ous  fungus Tr iehoderma v i v i d e  mainly 
thos e  i nvo l ved  in morphogenet ic  p r o c e s s e s ,  have been s tud i ed  in 
s p o r e s ,  mycel ium,  p r o t o p l a s t s  of  spores  .and mycelium and aber­
rant tubes produced by r e g enera t i ng  p r o t o p l a s t s  whose c e l l  wal l  
co mpo s i t i o n ,  l ack i ng  c h i t i n ,  d i f f e r s  from that  of  the normal 
mycel ium ( 1 ).
There i s  an i nc r e a s e  in B - ( l - 3 ) ,  ß - ( 1 - 6 ) and a - (1-3 ) g l ucanase  
during germi nat ion .  At t h i s  t ime the appearance of  c h i t i n a s é ,  
absent  in s p o r e s ,  takes  p l ac e .  Prot ease  and c e l l u l a s e  a l s o  i n ­
cr eas e  though l e s s  s i g n i f i c a n t l y .  Some of  t he s e  enzymatic a c ­
t i v i t i e s  show a new i nc r e a s e  in the a u t o l y t i c  phase at  the end 
of  the growth curve.  The main hydro l ase s  l oca ted  in aberrant  
tubes are the same as those de t e c t e d  in mycel ium.  I t  i s  n o t e ­
worthy t hat  t he s e  aberrant  tubes have c h i t i n a s e  in s p i t e  of  the  
lack of  c h i t i n  in t h e i r  w a l l s .  S t udi es  of  t he s e  enzymes in pro­
t o p l a s t s  i n d i c a t e  t h e i r  l o c a t i o n  in the per i p l as mi c  space.
The r e s u l t s  l ead us to the c o n c l u s i o n  that  ß- ( l - 3)  and e - (1 - 6 ) 
gl ucanas e  and c h i t i n a s e  have a morphogenet ic  r o l e  wh i l e  a - ( l - 3 )  
g l ucanase  and c e l l u l a s e  can be cons i dered  most ly as metabol i c  
enzymes .
INTRODUCTION
Our unders tandi ng of  the s t r u c t u r e  and b i o l o g i c a l  f u n c t i o n  of  
a c e r t a i n  number o f  p o l y s a c c h a r i d e s  l o c a t e d  in the c e l l  wal l  o f  
the fungi  has been c o n s i de r a b l y  improved through the s tudy of  
the hydro l ase s  invo l ved  in the s y n t h e s i s  and degradat ion of  
t h e s e  polymers .  In fungi  most hydro l ases  have been des cr i bed  as 
c o n s t i t u t i v e  ( 2 ) and a t t r i b u t e d  a fundamental  r o l e  in morphogen­
e s i s  s i n c e  they h y d r o l i z e  the p o l y s a c c h a r i d e s  during the pro­
c e s s e s  of  germinat ion and o f  growth and e l o n g a t i o n  of  the c e l l  
wal l  ( 3 , 4 ) .  There are a l s o  numerous fungi  which e x c r e t e  i n t o  the
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c u l t u r e  medium c o n s i d e r a b l e  amounts o f  h ydr o l as e s  when they are 
growing in the presence  of  c e l l  wal l  p o l y s a c c h a r i des ( 5 , 6 ) .
Numerous po l ys ac charas e s whi ch  degrade the polymers of  the c e l l  
wal l  o f  s e v e r a l  fungi  can be induced in the f i l a ment o us  fungus  
T. v i r i d e .  S ince  a - (1 - 3 )  g l u c a n a s e ,  ß - (1 -3)  g l u c a n a s e ,  c h i t i n -  
ase and c e l l u l a s e  have been des cr i bed  ( 7 , 8 , 9 )  and because of  
the a n t a g o n i s t i c  r o l e  in s o i l s  o f  T . v i r i d e  t h i s  fungus can be 
regarded as an important  agent  in the control  of  s e v e r a l  fungal  
d i s e a s e s .
Although the s tudy of  hydro l as e s  in T . v i r i d e  has been q u i t e  
e x h a u s t i v e  there  have been very few repor t s  concerning t h e i r  
invol vement  in morphogenes i s .  In our r e s e a r c h ,  the main hydro­
l a s e s  o f  T . v i r i d e  have been c h a r a c t e r i z e d  wi th regard to t h e i r  
morphogenet ic  r o l e .  Our r e s u l t s  conf irm the c l o s e  r e l a t i o n s h i p  
between h ydr o l as e s  and the r e g u l a t i o n  of  c e l l  wal l  b i o s y n t h e s i s
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MATERIALS AND METHODS
S t ra i n  and growth c o n d i t i o n s
The s t r a i n  o f  T. v i r i d e  used bel ongs  to the Spanish Type Cu l t ­
ure C o l l e c t i o n  (CECT 2 4 2 3 ) ,  Salamanca.  The microorganism was 
growing in a GAE medium ( g l u c o s e ,  asparagi ne  and y e a s t  e x t r a c t )  
( 10 ) in f l a s k s  i no c u l a t e d  wi th a spore s us pens i on  106 c e l l / m l )  
and i ncubated at  28°C with shaki ng .  The inoculum was obta i ned  
from c u l t u r e  grown on s o l i d  GAE f o r  48 h. Samples were w i t h ­
drawn at  d i f f e r e n t  t i m e s ,  c e n t r i f u g e d  at  2000x g f or  10 min and 
then washed with d i s t i l l e d  water .  F i n a l l y  they were kept at 
-20°C f or  f u r t h e r  a n a l y t i c a l  a s s a y s .
P r o t o p l a s t s  were obta i ned by a p r e v i o u s l y  des cr i bed  procedure  
( 1 ) and the r e g e n e r a t i o n  proces s  car r i e d  out  in the Winge medi ­
um ( g l u c o s e  2% w/ v ) ;  y e a s t  e x t r a c t  0.3% w/v)  plus 0 . 7  M MgS0 4 , 
with shaki ng .  Af t er  10-12 h near l y  a l l  the p r o t o p l a s t s  had 
produced a l arge  and i r r e g u l a r  tube ( 1 1 ) .  Such aberrant  tubes  
were c o l l e c t e d  by c e n t r i f u g a t i o n  at  30. 000 x g f o r  40 min,  
washed twi ce  wi th 0 . 7  M o f  MgS04 and kept at  -20°C.
A n a l y t i c a l  methods
In some e x per i ment s ,  0.1 ml o f  a mixture t o l u e n e - e t h a n o l  (1:1  
v o l / v o l )  was added to each sample.  In most c a s e s ,  samples of  
s p o r e s ,  mycel ium and aberrant  tubes were d i s i n t e g r a t e d  by 
shaking wi th powdered g l a s s  ( B a l l o t i n i  no.  12) in a Braun MSK 
system f or  1 min.
The measurement of  the a c t i v i t i e s  was made by taki ng 0 . 5  ml of  
the appropr i at e  s u b s t r a t e  - t h a t  i s ,  1% l ami nar i ne  (Koch-Light )  
to determine 3 - ( l - 3 )  g l ucanas e  a c t i v i t y ;  1% pseudonigeran (5)  
was used to assay a - ( l - 3 )  g l ucanas e  a c t i v i t y ;  5% c h i t i n  (Sigma)  
f or  c h i t i n a s e ;  1% c a s e i n e  (Sigma) for  pr o t e a s e ;  0.5% pustul an
(12)  f or  S- (1 - 6 ) g l ucanas e  and 1% carboxymethy1 cel  1u l o s e  (Sigma)  
f or  c e l l u l a s e  a c t i v i t y .  The s u b s t r a t e s  were buf f ered  with 
sodium a c e t a t e  b u f f e r  ( 0 . 0 5  M, pH 5 . 5 ) ,  except  for  the pro t e a s e  
assay in which Tris-HCl b u f f e r  (0 . 1  M, pH 8 ) was used.  The 
samples were incubated at  30°C f or  30 min. The r e a c t i o n  was s topped
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by adding 2 ml of  ZnS04 (5%) and 2 ml of  0.1 M Ba(0 H)2 - The 
samples  were then c e n t r i f u g e d  at  2000 x g f or  10 min. G1ucanase  
and p r o t e a s e  a c t i v i t i e s  were determined by taki ng  1 ml samples  
from each s upernatant  and measuring the products  of  h y d r o l y s i s ,
i . e .  reducing sugars  amino a c i d s ,  r e s p e c t i v e l y .
P r o t o p l a s t s  were c o l l e c t e d  by c e n t r i f u g a t i o n  at  10. 000 x g for  
30 min,  washed twi ce  wi th 0 . 7  M MgS04 and resuspended in d i s t ­
i l l e d  water .  0 . 5  ml o f  the l y s a t e  was i nc i b a t e d  wi th 0 . 5  ml of  
the appropr i a t e  s u b s t r a t e  and the products  of  h y d r o l y s i s  meas-  
ured as des cr i bed  above.
Total  reducing sugars  were determined as g 1u c o s e - e q u i v a 1ents
( 1 3 ) .  Amino ac i ds  were measured by the method c i t e d  in ( 1 ) .
Pr o t e i ns  were e x t r a c t e d  wi th 1 M NaOH f or  1 h at  room tempera­
ture  and measured by the method de s c r i b e d  in (14)  us ing bovine  
albumin as a s tandard.  The val ues  g i ven f o r  hydro l as e  a c t i v i ­
t i e s  are expre s s ed  as s p e c i f i c  a c t i v i t y ;  t h a t  i s ,  yg o f  sub­
s t r a t e  l i b e r a t e d  per min and per mg o f  p r o t e i n .
RESULTS AND DISCUSSION
Tables  1 and 2 show the d i f f e r e n t  va l ues  obta i ned f or  hydro l as e  
a c t i v i t i e s  in spores  and mycel ium of  T. v i r i d e .  There i s  an i n ­
cr eas e  of  3 - ( 1 - 3 ) and ß - (1  - 6 ) g l ucanas e  and pro t e a s e  during the  
germi nat ion p r o c e s s ,  whereas an i nc r e a s e  of  c h i t i n a s e  takes  
pl ace  l a t e r ,  during the phase of  a c t i v e  growth (10- 24  h) .
TABLE 1. Enzyme a c t i v i t i e s  d e t e c t e d  in t o l u e n i z e d  c e l l s  of
T. v i r i - d e
A c t i v i t i e s Dormantspores
Turqent
spores
Mycelium 
18 h old
My c e l i  urn 
24 h old
ß- (1 - 3) g l ucanase 6 30 33 46
3- (1 - 6 ) g l ucanase 7 15 21 26
“- (1 - 3) g l ucanase 0 0 . 5 1 1
C e l l u l a s e 0 0 0 . 8 1
P roteas  e 0 1 2 3
Chi t i na s e 0 0 0. 15 0 . 5
This i s  the case f or  a l l  the above-ment ioned enzymes l i s t e d  in 
t a b l e s  1 and 2. However, in t a b l e  1,  a - ( l - 3 )  g l ucanas e  seems to 
i n c r e a s e  s l i g h t l y  but t h i s  i n c r e a s e  i s  not  r e f l e c t e d  in t a b l e
2.  This i s  a l s o  the case f or  va l ues  obta i ned for  c e l l u l a s e .
In case  of  dormant s p o r e s ,  enzyme a c t i v i t y  measurements are 
g e n e r a l l y  lower than those  of  c e l l - f r e e  e x t r a c t s .  This i s  
probably due to the f a c t  t h a t  thos e  s u b s t r a t e s  o f  high mo l e c u l ­
ar we i ght  cannot  pass through the membrane and a r e ,  t h e r e f o r e ,  
only p a r t i a l l y  hydr o l ys e d .  This could be the case  for  pro t e a s e  
and c e l l u l a s e  whose s u b s t r a t e s ,  c a s e i n e  and c e l l u l o s e ,  have a 
high mol ecul ar  we i ght .
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TABLE 2. Enzyme a c t i v i t i es.  d e t e c t e d  in homogenized samples
( c e l l  - f r e e e x t r a c t s ) of  T. v i r i d e
A c t i v i t i e s Dormantspores
Turgent
spores
Mycel i  urn 
18 h old
Myce1iurn 
24 h old
g- (1 - 3) g l ucanase 20 25 30 48
£ - ( 1- 6 ) g l ucanase 1 8 20 1 7 24
a - ( 1 - 3 )  g l ucanase 0 . 8 0. 5 1 0. 5
C e l l u l a s e 0. 6 1 .2 1 .5 1
Prot eas e 0. 6 1.2 1 2
Ch i t i na s e 0 0 0. 5 5
The morphogenet ic  f u n c t i o n  of  an enzyme i s  based mainly on two 
f a c t o r s :  i t s  r e l a t i o n  wi th the c e l l  wal l  polymers (4)  and i t s  
f l u c t u a t i o n s  throughout  the c e l l  c y c l e  ( 1 5 ) .  The poTymers l o c ­
ated in the c e l l  wal l  o f  the mycel ium of  T . v i r i d e  are mainly  
$- (1-3)  and ß- (1 - 6 ) glucan and c h i t i n .  The spore c e l l  wal l  l acks  
c h i t i n  and,  as can be seen in t a b l e s  1 and 2 , spores  a l s o  lack  
c h i t i n a s e ,  which s u g g e s t s a  morphogenet ic  r o l e  f or  ß- (1  - 3 )  and 
ß- (1 - 6 ) g l ucanase  and c h i t i n a s e .  This s u g g e s t i o n  i s  a l s o  sup­
ported by the change of  c o n c e n t r a t i o n  of  t h e s e  a c t i v i t i e s  
throughout  the growth curve .  A more e x h a u s t i v e  study car r i ed  out  
on £ - ( 1 - 3 )  and £ - ( 1 - 6 )  g l uc a na s e s  shows t h a t  t h e i r  c o n c e n t r a t ­
ion in the c e l l  i nc r e a s e d  c o n s i de r a b l y  a f t e r  3-4 days of  c u l t u r e ,  
when the a u t o l y t i c  p r o c e s s e s  took p l a c e ,  ß- (1  - 3 )  g l ucanase  un­
derwent an i n c r e a s e  of  loo f o l d  a f t e r  4 days of  cul ture- ,  s u pp o r t ­
ing the theory t h a t  there  i s  a very c l o s e  r e l a t i o n s h i p  between 
the i n c r e a s e  in £ - ( 1 - 3 )  g l ucanas e  a c t i v i t y  and a u t o l y s i s  ( 1 5 ) .  
ß- (1 - 6 ) g l ucanas e  shows a big i n c r e a s e  of  a c t i v i t y  between 8 to 
12 h of  c u l t u r e  as i f  i t  were mainly i nvo l ved  in the germi nat ion  
proces s  but the i n c r e a s e  at  the end of  the growth curve i s  not  
as l arge  as t h a t  o f  £ - ( 1 - 3 )  g l uc anas e  (data not  shown).
TABLE 3. Enzyme a c t i v i t i e s  d e t e c t e d  in aberrant  tubes of
T. v i r i d e
£ - ( 1 - 3 )  g l ucanase  7 
£ - ( 1-6 ) g l ucanase  10 
“~ ( i ' 3 )  g l ucanase  3 
Cel 1u l as e  4 
Prot eas e  18 
Ch i t i na s e  1
The data shown in t a b l e  3 r e f e r  to t o l u e n i z e d  aberrant  tubes .The  
hydro l as e s  determined in t h e s e  s t r u c t u r e s  are the same as those  
of  normal mycel ium,  though t h e i r  c o n c e nt r a t i o n  i s  q u i t e  d i f f e r ­
ent ;  a higher  value f or  £ - ( 1- 6 ) g l ucanase  and a much h igher  one 
for  prot e as e  can be observed.  The most s u r p r i s i n g  data were 
those  r e f e r r i n g  to c h i t i n a s e  s i n c e  aberrant  tubes lack c h i t i n .  
The hydro l ase  r e s u l t s  obta i ned from t o l u e n i z e d  aberrant  tubes  
show d e t e c t a b l e  l e v e l s  for  pro t e as e  and c e l l u l a s e .  These a c t i v ­
i t i e s  were l o c a t e d  in c e l l  f r e e  e x t r a c t s  of  dormant spores  but  
not in t o l u e n i z e d  samples .  This might be due to the s t r u c t u r e  
of  aberrant  t u b e s ,  which i s  l e s s  compact ano t h e r e f o r e  the  
to l uene  can work more e f f e c t i v e l y  on the membrane, l e t t i n g  b i g ­
ger mo l e c u l e s ,  l i k e  c a s e i n e  or c e l l u l o s e ,  pass through i t .  The
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data obta i ned from enzymat ic  and chemical  a n a l y s i s  ( 1 ) show 
that  the compos i t i on of  the aberrant  tubes i s  d i f f e r e n t  from 
t ha t  of  normal mycel ium; the use of  f l u o r e s c e n t  br i g ht eners  
(16)  a l s o  seems to show that  the s y n t h e s i s  of  new mater i al  and 
i t s  i nc o rpo ra t i o n  in the c e l l  wall  i s  d i f f e r e n t .  Our r e s u l t s  
showing such d i f f e r e n c e s  in c o n c e n t r a t i o n s  of  hydro l ase s  
between normal mycelium and aberrant  tubes support  the pre ­
vious  c o n c l u s i o n s .
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TABLE 4. Enzyme a c t i v i t i e s  de t e c t e d  i n .protopl  a s t s  of
T. v% ri de
A c t i v i t i e s Spore
p r o t o p l a s t s
Mycelium 
p r o t o p l a s t s
3 - ( 1 - 3  ) g l ucanase 6 . 3 9 . 0
ß - ( 1 - 6 ) g l ucanase 10.0 6. 5
a - (1 - 3  ) g l ucanase 0 . 15 0. 3
Cel 1ulase 0 0
Protease 1 . 3 0.6
Chi t i nas e 0 0. 5
Table 4 shows t h a t  most of  the enzymes c h a r a c t e r i z e d  in c e l l -  
- f r e e  e x t r a c t s  can a l s o  be de t e c t e d  in l yzed p r o t o p l a s t s ,  
though in a lower c o n c e n t r a t i o n .  This seems to i n d i c a t e  that  
a l l  the hydro l as e s  are l oc a t e d  e i t h e r  between the membrane and 
the c e l l  wal l  or somehow a s s o c i a t e d  with the c e l l  w a l l ,  as 
al ready sugges t ed  by previ ous  exper iments  ( 4 ,  17) .  P o s s i b l y  
the a c t i v i t i e s  d e t e c t e d  in p r o t o p l a s t s  are due to enzymes 
r e c e n t l y  s y n t h e s i z e d  or which are being t ransported  to the 
per i p l a s mi c  space .  The v a r i a t i o n s  in enzyme c o n ce nt ra t i o n  
between p r o t o p l a s t s  and c e l l - f r e e  e x t r a c t s  o s c i l l a t e  between 
1/2 and 1 / 5 .  This support s  the e x t r a c e l l u l a r  c h a ra c t er  of  the 
l o c a t i o n  of  t he s e  p a r t i c u l a r  enzymes in T . v i r i d e .
In two exper i ment s ,  s evera l  f r a c t i o n s  were separated by c e n t r i ­
fug a t i o n  at  d i f f e r e n t  s p e e d s ,  a f t e r  the c e l l s  had been d i s ­
i n t e g r a t e d .  The de t ermi nat i on  of  ß - (1 - 6 ) g l ucanase  shows some 
a c t i v i t y  in a l l  the f r a c t i o n s  but a big and unique peak was 
det e c t e d  in the f r a c t i o n  a s s o c i a t e d  wi th the c e l l  w a l l s .  This 
r e s u l t  support s  the s u g g e s t i o n  that  the enzyme i s  somehow 
a s s o c i a t e d  with the c e l l  wal l  "in vivo" (data not  shown).
In most cases  the r e s u l t s  obta i ned by comparing . hydrolases  a c ­
t i v i t i e s  between p r o t o p l a s t s  o f  spores  and those  of  mycelium 
are s i m i l a r  to those  obta i ned when turgent  spores  and mycelium 
are compared,  which would support  the morphogenet ic  ro l e  
a t t r i b u t e d  to ß- (1 - 3 ) and ß-(1 - 6 ) g l uc anas e s  and c h i t i n a s e .
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INTRODUCTION
In the last few years our interest has focused on the glu 
can degradative enzymes produced by several species which have-
1,3-p-glucan as one of the major components of their cell wall. 
The importance of these enzymes relates mainly to the possible 
role that they might play in fundamental processes for cell 
morphogenesis, such as growth and extension of the cell wall 
(1), bud emergence, daughter cell separation and mating (2-4).
Central to the problem of interpreting the role of glu- 
canases is the study of their regulation. Although the produc­
tion of these enzymes is very well documented, data on their 
regulation are very scarce and some of them concern 1,3-p-glu- 
canases of bacterial origin, which probably serve a function 
very different from that of many of the fungal 1,3-p-glucanases. 
One of the few examples of glucan degradative enzymes on which 
some data about its regulation have been reported is the exo- 
-1,3-JS-glucanase of the Basidiomycete QM806 (5). A control, at 
the level of synthesis, seems to operate since the production 
of this enzyme is repressed by glucose and only carbon source 
deprived cells synthesize it in very high amounts. But glucose 
also seems to trigger the specific inactivation of the enzyme 
when added to derepressed cells indicating that degradative 
controls are also operative (5). On the other hand, the exo- 
-1,3-B-glucanase of Saccharomyces cerevisiae has been reported 
to be synthesized, once per mitotic cycle, paralleling the 
time of bud emergence (6) and an induction of 1,3-p-glucanase 
has been shown to take place, in Hansenula wingei, upon mixing 
two strains of opposite mating types (4).
This paper presents an account of the studies that we 
have carried out in the last few years, in order to gain under­
standing of the regulation of 1,3-p-glucanase synthesis in 
fungal cells. The wide diversity which exists among these en­
zymes must be taken into consideration. A single species can 
produce more than one 1,3-p-glucanase whose mode of action 
could be either endo-hydrolytic or exo-hydrolytic or even a 
combination of both. Three species of filamentous fungi and a 
yeast have been used for our investigations.
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In some species, the production of 1,3-p-glucanase is ca- 
tabolite repressed. For example, the filamentous fungus Penici 
Ilium italicum (Fig. 1) produces a very low amount of 1,3-p- 
-glucanase when incubated in a synthetic medium with an excess 
of glucose or other easily metabolizable sugars, such as fruc­
tose or sucrose, which support active growth. On the other 
hand, when the medium contained, either a very limited amount 
of glucose or a high concentration of other sugars such as lac 
tose or galactose, which are not readily assimilated, the pro­
duction of 1,3-p-glucanase was significantly activated leading 
to a very high increase in the level of specific activity.
Very similar observations were made in Neurospora crassa indi­
cating that 1,3-p-glucanase production is also catabolite 
repressed in this fungus (8).
CATABOLITE REPRESSION OF 1 , 3-p-GLUCANASE
o
S'
olO
0)vi
c<0
3IC2-1
Fig. 1. (left). Effect of different sugars on the production of
1,3-p-glucanase by Penicillium italicum. Actively 
growing cells were transferred to synthetic media con­
taining a sugar §s the only carbon source. Sugar concen 
trations were as follows: 0.2% glucose ( o ), 3% gluco 
se( • ), 3% sucrose ( ■ ), 3% fructose ( ± ), 3% galac­
tose ( □ ), 3% lactose ( a  ) . Values indicate specific 
activity of 1,3-p-glucanase in cell extracts. Data 
taken from ref. 7.
Fig.2.(right). Relative proportions of 1,3-B-glucanases I,II
and III in Penicillium italicum after different periods 
of incubation in a medium low in glucose content(lOmM).
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Extracts of cells were prepared and analyzed by ion-ex­
change column chromatography. Data taken from ref. 10.
A more detailed examination of the P. italicum 1,3-ß-qlu- 
canase system has been carried out. With the use of RNA and 
protein synthesis inhibitors we have shown that the glucose 
effect must be exerted at a pretranslational level which could 
either be m-RNA synthesis or some stage of the process invol­
ved in its maturation or stabilization (9). Three 1,3-p-gluca- 
nases, which have been named 1,3-p-glucanase I, II and III, are 
produced by P. italicum and the evolution of their relative 
proportions, when the mycelium was incubated in a low-glucose 
medium, is indicated in Fig. 2. Relevant to the possible func­
tion of these enzymes could be the following facts. Enzymes 
II and III are the only ones produced during active growth and 
derepression leads to much higher levels of them. These two
1,3-p-glucanases can bind to the cell walls and hydrolize 
their components in vitro. Derepression of 1,3-p-glucanases 
is also paralleled by the in vivo mobilization of a signifi­
cant amount of cell wall glucan. On the other hand, 1,3-p-glu- 
canase I cannot be detected in actively growing cells, appears 
only under conditions of glucose deprivation and neither binds 
to the cell walls nor is capable of hydrolyzing them in vitro 
( 11 )  •
According to these results 1,3-p-glucanases II and III 
must be the enzymes involved in the modification of cell wall 
glucan during active growth, if that event is needed for 
morphogenesis and cell wall extension (1). They should also 
be responsible for the mobilization of cell wall glucan under 
derepression conditions, which could take place either with 
the purpose of supplying energy or be coupled to a morphogene­
tic event such as conidiation. A similar situation exists in 
Aspergillus nidulans, where the degradation of cell wall 
c* -1,3-glucan takes place in glucose starved mycelium and 
supplies energy needed for cleistothecium formation (12). On 
the other hand, the induction of 1,3-p-glucanase I must be 
directed towards the hydrolysis of external glucan with meta­
bolic purposes.
GLUCOSE INSENSITIVE SYNTHESIS OF 1,3-p-GLUCANASES
The glucose repression type of control does not operate 
in all fungal species. For example, in Trichoderma viride and 
Saccharomyces cerevisiae the production of 1,3-p-glucanase 
takes place during active growth in the presence of glucose, 
so that increasing levels of specific activity were observed 
when the cells were incubated in synthetic media in the pre­
sence of an excess of this sugar. Moreover, resting cells, 
deprived of glucose, either failed to produce the enzyme or 
produced it in much smaller amounts (Fig. 3). Therefore, a 
constitutive synthesis of 1,3-p-glucanase takes place in 
Trichoderma viride and S. cerevisiae suggesting that glucan 
degradative capacity is required for the active growth of the 
cells.
The described two different modes of regulation of 1,3- 
-B-glucanases synthesis indicate that the diversity in the 
properties of 1,3-p-glucanases extends to their carbon source
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regulation and complicates the problem of interpreting their
T I M E  C H O U R S )
Fig.3. Effect of glucose on the production of 1,3-B-glucanase 
by two fungal species. Logarithmic phase cells were 
transferred to synthetic media with either a high con­
centration of glucose (180 mM) ( o ) or a low concen­
tration of this sugar (5 mM) ( • ). The specific acti­
vity of 1,3-p-glucanase was assayed in cell extracts 
with laminarin as a substrate. Data taken from ref.8.
role in the fungal cell. In our studies on S. cerevisiae we 
have called the attention to the fact that the low pHs, which 
sometimes are attained during growth could cause an inactiva­
tion of 1,3-p-glucanases because they are periplasmically lo­
cated enzymes. In these cases, unless the medium is properly 
buffered, the measurement of the levels of these enzymes 
could be totally meaningless (8). This inactivation probably 
can account for the low glucanase content which is frequently 
observed in stationary phase yeast cells.
1,3-p-GLUCANASES IN THE Saccharomyces cerevisiae 
LIFE CYCLE
Vegetative growth is not the only phase of the S.cerevi­
siae life cycle in which the participation of 1,3-p-glucana- 
ses might be needed. In order to gain insight on the regula­
tion of these enzymes we have examined the evolution of the 
levels of glucan degradative activities during the mitotic 
cycle, and the mating and sporulation processes. Two 1,3-p- 
-glucanases are produced by S.cerevisiae during vegetative 
growth (13, 14). One is an exo-splitting enzyme, active on 
laminarin (1,3-p-glucan) and on the synthetic derivative 
p-nitrophenyl-p-D-glucoside (p-NPG). The other is an endo-glu 
canase which hydrolyzes laminarin and periodate oxidized 
laminarin (1,3-p-glucan with the end sugar residues modified) 
but not on pustulan or p-NPG.
In order to study the synthesis of both enzymes, during 
the mitotic cycle, asynchronous cultures were fractionated
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1and the glucanases content of the different fractions, which 
contained populations of cells corresponding to the different 
stages of the mitotic cycle, was examined. As shown in Fig.4a, 
the levels of both enzymes doubled in the fractions correspon­
ding to the transition from the S to the G„ phase. These re- 
suls clearly indicate that the synthesis of exo- and endo-1,3- 
p-glucanase, during the mitotic cycle, takes place in a step­
wise manner, once per cycle upon the transition from the S 
to the G2 phase. This contrasts with the report of Cortat et 
al. (6) which suggest that the synthesis of exo-1,3-p-glucana- 
se, in S. cerevisiae, parallels budding and therefore must 
occur during the G^ phase. On this basis these authors postu­
late the involvement of the exo-1,3-p-glucanase in the budding 
process. The reason for this discrepancy is not apparent to 
us, but in any case the conclusions attributing a certain role 
to an enzyme, on the basis of its moment of synthesis in the 
mitotic cycle, should be regarded with caution. One can think 
that enough exo-1,3-]3-glucanase can be synthesized, at the G2 
phase, even if it is needed at a later stage. Moreover, we 
have shown that a S. cerevisiae mutant, defective in exo-1,3- 
-p-glucanase, grows and buds normally (14).
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Fig.4. Levels of 1,3-p-glucanases in Saccharomyces cerevisiae 
during the mitotic cycle (a) and the mating (b") and 
sporulation processes (c). Values represent: a) Exo- 
and endo-1,3-p-glucanase content, per 10^ cells, in 
synchronous fractions obtained by fractionation of an 
asynchronous culture, b) Specific activity against 
laminarin ( • ) oxidized laminarin ( 0 ) and pustulan 
( a ) when a and o< strains were mated, c) Specific 
activity against laminarin ( ^  ) and oxidized laminarin 
( • ) in cells of the diploid strain AP-1 incubated in 
sporulation medium.Drawings illustrate the different 
periods of the S. cerevisiae life cycle. Data taken 
from, ref. 15 .
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Fig. 4b shows the evolution of the levels of glucan degra 
dative enzymes during the mating process. When populations of 
cells of a and <* mating types are mixed together, growth is 
arrested at the phase due to the hormonal stimulus of the 
opposite mating type (16), while zygote formation occurs.
During this period, the specific activity of cell extracts 
against laminarin and oxidized laminarin remained constant. 
However, when zygote formation was completed and growth of 
zygotes and non-mated haploid cells resumed, the specific 
activity against those substrates started to increase very sig 
nificantly. Therefore, mating in S.cerevisiae does not seem 
to lead to an activation of 1,3-p-glucanases, If these enzymes 
are involved in the process of cell fusion, the amounts of 
them, present in the cells before mating, must be enough to 
accomplish this role. It is only growth resumption that resto­
res the production of 1,3-p-glucanases. The situation seems to 
be different in other yeast, Hansenula wingei, since Brock 
(4) has reported an induction of 1,3-p-glucanase when strains 
of this species mate in a nitrogen-free medium, incapable of 
supporting growth.
The sporulation process involves very important changes 
from the morphological and biochemical points of view. Our 
studies with a highly sporulating strain, S.cerevisiae AP-1, 
indicate that this is accompanied by significant changes in 
the levels of 1,3-p-glucanases (Fig. 4c). The specific activi­
ties against oxidized laminarin and laminarin, very low at 
the time of transfer to the sporulation medium, increased sig­
nificantly and reached a maximum after 18 hours, paralleling 
the apearance of asci. Contrary to what happens in vegetative 
cells, where the activity against laminarin is much higher 
than against oxidized laminarin, in sporulating cells the 
specific activities reached values which were very similar and 
much higher than we ever observed during vegetative growth.
This kind of evidence is consistent with the idea that 
the sporulation process, in S■cerevisiae, is accompanied by 
specific changes whicji affect the 1,3-p-glucanase complement 
of the sporulating strain. It is known that during sporulation 
many enzymes, which do not seem to be specifically involved 
in this process, are, nevertheless, synthesized in an ordered 
sequence which very closely reproduces the timing of the mito­
tic cycle (17). However, the induction of glucan degradative 
activities during sporulation takes place in a manner which 
is very different from that of the mitotic cycle and therefore 
it seems to be specifically triggered by the sporulation event. 
An alteration in the relative proportions of the two enzymes 
produced during active growth and/or the induction of a new
1,3-p-glucanase might account for the observed changes. One of 
the few examples of enzymes, shown to be activated by the 
sporulation events in S. cerevisiae, are glycogen hydrolyzing 
activities (18).
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THE STEKEOLOGY OF PROTOPLASTS FROM A s p e r g i l l u s  n i d u l a n s
Susan Isaac*, L.G.Briarty and J.F.Peberdy
»Botany Department, University of Liverpool, P.O.Box 1^7
Liverpool L69 3BX and Botany Department, University of 
Nottingham, University Park, Nottingham NG7 2 E D , England
SUMMARY
The ultrastructural heterogeneity of protoplasts released from the 
hyphae of Aspergillus nidulans during staged lytic digestions was 
investigated using stereological methods. Protoplasts released after 1h, 
with either KC1 or MgSO^, as osmotic stabiliser, were small and had dense 
granular cytoplasm but were characterised by the presence of many vesicles. 
As the lytic digestion proceeded emerging protoplasts were larger with 
less dense cytoplasm and fewer vesicles. The high frequency of vesicles in 
the 1h fraction is consistent with the hypothesis that these protoplasts 
originate from the vesicle-rich apical zones of the hyphae.
INTRODUCTION
During protoplast isolation the highly integrated structure of the 
fungal hypha becomes sub-divided into discrete heterogeneous units (1) . 
Variation in protoplast morphology was first recognised by Bartnicki- 
Garcia and Lippman (2) in Phytophthora cinomomii. The heterogeneity of 
Aspergillus nidulans protoplasts was first reported by Peberdy and Gibson 
(3) and later confirmed in ultrastructure observations (if).It was 
suggested that protoplasts released during the first hour of lytic 
digestion originated from apical regions of hyphae and those appearing 
later came from more distal regions progressively further from the hyphal 
apex. Electron micrographs of 'early' and 'late' protoplasts showed ultra- 
structural differences that could be released to their original hyphal 
location.
An ultrastructural study was undertaken, in order to investigate and 
quantify the extent of protoplast heterogeneity occurring during the lytic 
digestion of A. nidulans mycelium, in different stabiliser solutions which 
induce different patterns of protoplast release (5,6). Stereological
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measuring procedures were applied to thin sections to provide a quantit­
ative analysis of cytoplasmic components present in each protoplast sample.
MATERIALS AND METHODS 
Organisms:-
Aspergillus nidulans, BDUN 3 3 , (University of Nottingham collection) was 
maintained on malt extract agar. Mycelium was grown in mineral salts 
medium (7) supplemented with glucose (lOg.l ^ ) .
Trichoderma harzianum, CBS 35^-33, was maintained on TLE medium, 
supplemented with ball-milled chitin and laminaria meal 'and solidifed 
with agar (5)•
Protoplast isolation:-
Protoplasts were prepared by the method of Peberdy and Isaac (5) using 
KC1 and MgSO^ as stabilisers. Protoplasts were harvested from these 
mixtures at 1,2 and 3h after the start of digestion, residual mycelium 
being replaced in the lytic mixture after each harvest. Preparations were 
harvested and washed free from lytic enzyme as previously described (6). 
Preparation of material for electron microscopy:-
Material was prepared by the method of Gibson and Peberdy ( k) . Thin 
sections were cut with glass knives, on a Porter-Blum ultramicrotome. 
Sections were expanded using trichloroethylene, mounted on formvar coated 
grids, stained with lead citrate (8) and thoroughly washed under a stream 
of running water. Specimens were examined using an AEI Corinth 275 
electron microscope.
Preparation of material for stereological analysis:-
The primary sample consisted of three blocks of embedded protoplasts 
from each treatment. One silver section was mounted from each block, and 
from each section 13 micrographs were recorded at random (using a 
systematic procedure) at 15,000 x magnification. Usually a single proto­
plast profile almost filled the field at this magnification.
Micrographs, recorded on 70mm film, were transferred to 35mm film and 
analysed using a back-projection and counting system similar to that 
described by Weibel, Kistler and Scherle (9).
Stereological procedures:-
A Weibel and Knight (10) multipurpose test system was used., having a 
test area of 6 x 6.06 Z (Z = 0.5^m). The dimension Z was chosen as being 
the square root of the mean mitochondrial profile area in a small smaple 
of pictures.
For volumetric analysis the protoplasts were sub-divided into the
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following compartments: ground cytoplasm, mitochondria, endoplasmic 
reticulum, lipid inclusions, vesicles, nuclei and vacuoles.
Although some of the compartments being measured were undergoing major 
volume changes during the experiment, the major components under study 
(ground cytoplasm, mitochondria and vesicles) were consistently found in 
all micrographs of 1h incubated material and so it was decided to use 
single pictures as representative samples. A total of 39 such samples was 
measured for each treatment; sample parameters were calculated and the 
final results represent the means of these. Data are expressed on the 
basis of volume fraction per unit volume of total protoplast or of cyto­
plasm (protoplast less nuclei and vhcuoles).
RESULTS
Figure 1 shows the major morphological characteristics of protoplasts 
liberated from A, nidulans mycelium. The average size of protoplasts 
increased as mycelial digestion proceeded.
Table 1:-
Volumetric composition of protoplasts per unit volume of whole protoplast
VOLUME FRACTION OF WHOLE PROTOPLAST (%)
(%)
STABILISIER
KCl
MgSO^
TIME c M V N E I Vs
1h 57.90 13.66 4.51 4.65 1.18 1.11 16.47± 2.34 * 1.25 ±1.08 ±1.07 ±1.77 ±1.09 * 2.03
2h 66.71 12.70 4.40 8.43 1.60 3.32 4.06
± 1.44 ± 1.00 ±0.86 ±1.02 ±0.76 ±0.90 ± 0.75
3h 68.92 9.06 9.48 9.12 0.45 1.57 1.49± 1.49 * 0.98 *1.50 *1.37 *0.17 *0.04 * 0.03
1h 64.30 16.10 4.34 ' 4.34 - 0.73 10.39± 1.56 ± 1.09 ±1.04 ±0.83 - ±0.21 ± I.25
2h 61.90 12.00 13.30 8.29 1.34 1.89 1.49± 1.65 ± 0.75 *1.59 ±0.98 ±0.68 ±0,4l ± 0.45
3h 62.10 7.47 18.30 9,^ 0 3.58 1.50 0.99± 1.96 ± 0.68 ±2.51 ±1.66 ±0.17 ±0.36 ± 0.36
C - cytoplasm; M - mitochondria; V - vacuoles-; N - nuclei, E - endoplasmic 
reticulum; I - lipid inclusions; Vs - vesicles.
Table 1 shows the volumetric density of components, as a percentage 
composition of unit protoplast volume. In both stabiliser systems, a high 
volumetric density of michondria per unit volume was seen in early proto­
plasts. A similar pattern was seen with regard to vesicle contents. Early 
protoplasts had a very significantly higher volumetric density (10-1690 
than later fractions (1-2%) per unit volume of protoplast. The large
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Figure 1:- a) Protoplast from 3k- incubation in KC1 stabiliser. Bar marker 
represents 0.0,5jim. b) Protoplast from Jh incubation in MgSO^ stabiliser. 
Bar marker represents 0.05/tm. c) .Section of protoplast from 1h incubation 
in MgSO^ stabiliser to show vesicles. Bar marker represents 0.25/tm. 
d) Section of protoplast from 3h incubation in KC1 stabiliser to show 
endoplasmic reticulum. Bar marker represents 0.25/™. e) Section of 
mitochondrion from a 3h MgSO^ stabilised protoplast. Bar marker represents 
0 . 2 u^m.
M - mitochondria, N - nuclei, Nu - nucleolus, V - vacuole, P - plasma- 
lemma, er - endoplasmic reticulum, ve - vesicles.
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volume occupied by vesicles was particularly significant in early KC1- 
stabilised protoplasts.
Considering the volume fractions of these two organelle types in 
relation to the unit volume of cytoplasm, a different picture emerges 
(Table 2). The mitochondrial unit volume remained relatively constant in 
samples whereas the volume fraction of vesicle material is significantly 
higher in the 1h fractions produced in both KC1 and'MgSO^.
Table 2:-
Volume fractions of vesicles and mitochondria per unit volume of cytoplasm
(56)
VOLUME FRACTION OF CYTOPLASM (%)
KCl Treatment MgSO, Treatment
TIME
Vesicles Mitochondria
*T
Vesicles Mitochondria
1h 17.86 14.78 1 0 .8 2 17.47
± 1.95 ± 1.24 ± 1.26 ± 1.24
2h 4.32 14.75 1.47 15.67
1 0.77 ± 1.14 ± 0.53 t  1.14
3h 1 .6 9 10.86 1.23 1 0 .1 6
± 0.39 ± 1.15 ± 0.45 ± 0.8l
The volumetric density of vacuoles showed a reversed pattern; these 
occupied a larger volume in protoplasts produced later in digestion. The 
increase in this volume was observed mainly between 2-3h in KCl-stabiliser 
whereas in MgSO^-systems a more significant increase was seen from l-2h 
(4.5-13-5%), a smaller increase occurring from 2-3h (13.5-18%). The 
volume occupied by nuclei was also higher in later fractions.
DISCUSSION
From the results obtained it was seen that sequentially produced 
protoplasts differed significantly in ultrastructural characteristics. 
This was seen with both the osmotic stabilser systems used.
Vesicular and vacuolar contents, together with the general cytoplasmic 
organisation around these organelles, were the main factors by which 
protoplasts could be identified. The high vesicular content of hyphal 
apices has been well discussed in a range of taxonomic groups (11, 12, 13). 
From the numerous studies undertaken, concerning apical growth 
mechanisms, Bartnicki-Garcia (14) proposed a model implicating apical 
vesicles in tip growth, which is now generally accepted. The high 
vesicular contents of early protoplasts suggests particularly that these
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may have their origin at tip regions. In addition the high ribosomal 
density in the cytoplasm of this fraction was characteristic. The 
vesicular content of early protoplasts (lh) from MgSO^-stabilised 
preparations was lower than that from KCl-stabilised preparations. Early 
MgSO^-stabilised protoplasts were larger and may therefore have included 
a higher proportion of sub-apical cytoplasm than corresponding protoplasts 
from a KCl-system. Thus early KCl-produced protoplasts (1h) may be 
composed of more specifically "apical" cytoplasm, which may account for 
their higher vesicle content.
In addition the vacuolar content of the later formed protoplasts 
suggests that these may be released from older hyphal regions. Vacuoles 
are found in distal zones of hyphae (13, 12) as has been shown in 
A ■ nidulans mycelium (16). MgSO^-stabilised protoplasts have a higher 
vacuolar volumetric density than KCl-stabilised protoplasts. This may 
be directly attributable to the different osmotic effects of the 
stabiliser concerned, but it has been shown that early protoplasts 
allowed to remain in the lytic mixture for up to 3h (17), did not acquire 
the characteristics displayed by later formed protoplasts.
Protoplasts lend themselves well to stereological analysis since any 
one electron micrograph may contain one whole protoplast profile.
The magnification used was sufficiently low for each micrograph to 
yield a representative section area and high enough to allow identific­
ation of component organelles. The random sampling techniques employed 
here yielded a representative sample of protoplast material but it must 
be stressed that the data collected were estimates from which a mean 
value, covering the whole sample, was obtained, on which statistical 
analysis was performed. For any material there will be systematic errors 
of measurement inherent in the system (l8). This study involved the 
comparison of various samples of similar nature and corrections for some 
factors were unnecessary since each sample was similarly affected (1 8), 
Special reference must be made to membrane structures which may become 
difficult to recognise at some sectioning angles due to the Holmes effect 
(19,20). Cisternal spaces may be difficult to recognise. The data for 
endoplasmic reticulum quoted here is uncorrected for any such error. 
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THE CELL-WALL ENZYMOLYSIS TESTS : 
TAXONOMIC STUDY OF GENERA CANDIDA AND TORULOPSIS
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Department of Microbiology, Faculté de Pharmacie 
34060 Montpellier-Cedex, France
ABSTRACT
The lyt ic  action of purified enzymes on the cell-wall of yeasts led to the 
elaboration of two tests named cell-wall  enzymolysis te sts .  The enzymes re­
leased sphaeroplasts of the treated yeasts.  A discrimination between Asco- 
mycetes and Basidiomycetes was obtained by using a reducing agent associa­
ted with 1,3-6-glucanase (cell-wall enzymolysis test  1 or C.E.T. 1). A se­
paration between two subclasses of Basidiomycetes was obtained by using
1,4-a-glucanase associated with 1,3-ß-glucanase (C.E.T. 2).  The use of these 
two cell-wall enzymolysis tests was very useful to study Fungi Imperfec- 
ti  yeasts.  In this work, the two tests  were applied to two genera : Candi­
da and Torulopsis whose taxonomy is presently a subject of debate. They 
are separated into Ascomycetous and Basidiomycetous yeasts,  and a key of  
identification is proposed.
INTRODUCTION
In previous works (1, 2, 3, 4) ,  we have tried to prove that release of sphae­
roplasts from yeasts using a definite enzymatic system was a very useful 
means of separating Ascomycetes from Basidiomycetes. The standardization of  
such a methodology led us to carryout the cell-wall  enzymolysis te s ts ,  or
C.E.T. The use of purified 1,3-ß-glucanase (extracted from QM 806 Basidio- 
mycete culture) associated with a reducing agent was valuable for separa­
ting the two classes (Ascomycetes and Basidiomycetes). He named i t  C.E.T. 1. 
The use of purified glucanases (1,3-ß-glucanase and 1,4-a-glucanase) extrac­
ted from Trichoderma v ir id e culture was valuable for separating the Basidio­
mycetous yeasts into two subclasses. This C.E.T. 2 was very useful to com­
pare for instance Cryptocoacus ( f i r s t  sub-class) and Rhodatorula (second 
sub-class) (6 , 7). These two C.E.T. were applied to two genera of Fungi 
Imperfecti yeasts which are very close : Candida and T o ru lopsis .
MATERIAL AND METHODS.
The strains of Candida, and Torulopsis were collection strains ; most came 
from the Centraalbureau Voor Schimmel cultures (C.B.S.),  Baarn, Netherlands, 
and the others from the Institut Pasteur, Paris (I.P.) as well as from our
221
BASTIDE ET AL.
own collection (I .V.P.) .  The strains were cultivated on a synthetic medium 
(Yeast Morphology Agar, Difco B.393). Following three successive 48 h sub- 
culturings at 26°C, all strains were grown for 15 h just  prior to the en­
zymic treatment.
The 1,3-ß-glucanase was extracted from Basidiomycete QM 806 culture. After 
precipitation of proteins, the enzymic extract was f i l tered through a Sepha- 
dex G 100 gel column (3, 4) .  The enzymes of Tvichodevma v iv id e (1 ,3-ß-gluca- 
nase and 1,4-a-glucanase) were obtained from fermentation juice.  The enzy­
mic preparation was fractionated on a CM-Sephadex C50 column using a NaCl 
gradient in acetate buffer (3, 4).
The C.E.T. 1 and 2 were performed according to the following methodology :
C.E.T. 1 : 0.2 ml yeast cell  suspension in buffer at 2 . 10  ^ ce l l s  ml-1 ;
0.2 ml cystamine C1H 0.25 M in 0.1 M phosphate buffer, pH 6 ; 0.2 ml 1,3-ß- 
glucanase (QM 806) 50 u.ml-1.
C.E.T. 2 : 0.2 ml yeasts ce l l s  suspension in buffer at 2 . 10  ^ ce l l s  ml-1 ;
0.2 ml 1,3-ß-glucanase (T. v iv id e ) 3.4 u.ml-1 ; 0.2 ml 1,4-a-glucanase (t . 
v iv id e ) 1 u.ml'l .
In both te st  systems, the ce l l s  were osmotically stabi lized by 0.6 M-KC1 
and incubated in hemolysis tubes on a reciprocal shaker at 26°C for 24 h.
Sphaeroplast formation was assessed by l ight  microscopic examination as a 
function of cell  burst on addition of water.
RESULTS.
The C.E.T. 1 allowed us to separate Ascomycetous from Basidiomycetous Can­
dida as i s  shown in table 1. We repeated our experiments many times when 
possible comparatively to the col lection species.
We tested the genus Tovulopsis and our results are presented in table 2.
We found that the main part of the species of these two genera had to be 
class i f ied in Ascomycetes. However, 14 Candida and 4 T ovulopsis are Basi- 
diomycetous-1 ike.
The results given by C.E.T. 2 are shown in table 3.
DISCUSSION.
The C.E.T. 1 and 2 seemed to be valuable taxonomic te s ts .  We have shown (6) 
that the C.E.T. 1 (class test )  i s perfectly correlated with GC content which 
i s  considered as a good taxonomic criterion. We have localized the disrup­
tion s i te  of the cell-wall  ( f ig .  1 and 2) in Sacchavomyces o evev is ia e (7,
8 ) and we have found the same disruption s i t e  in Candida a lb icans as is 
shown in f ig.  3 and 4. We think that this disruption s i t e  i s strongly asso­
ciated with the sexual reproduction and that i t  might be identical to the 
opening in the ascus-wall during the release of germinating ascospores (9).  
With C.E.T. 2, we have localized exactly the same disruption s i te s  in basi­
diomycetous yeasts of the f i r s t  sub-class. I f we consider the structure of  
these disruption s i te s  in both classes ,  we can observe a s ignificant d i f fe ­
rence. In Ascomycetes, we know that the reducing agent acts before 1,3-ß-
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TABLE 1 Application of C.E.T. 1 (1,3-B-glucanase associated with 
a reducing agent) to separate ascomycetous from basidiomycetous Candida
Ascomycetous Candida
C. aaseri CBS 1913 c. m e lin ii CBS 1461
albicans. IP 628 membranaefaciens CBS 1952
atmosphaeriaa CBS 4547 m esenterica CBS 602
b e r th e t i i CBS 5452 norvegensis CBS 1922
b o id in ii CBS 3092 obtusa CBS 1944
brum ptii CBS 564 p a ra p s ilo s is CBS 604
ca tenu la ta CBS 565 p e ll ic u lo s a IP 606
c i f e r r i i CBS 4856 p seu d o tro p ica lis IP 513
a la u sse n ii CBS 1949 pulcherrim a IP 622
cloacae CBS 5612 reuk.auf i i CBS 611
fa b ia n i i CBS 5481 rh a g ii CBS 4237
g u illie rm o n d ii IP 47 robusta IP 826
C E T 1 ingens CBS 4603 rugósa IVP 27
interm edia CBS 572 sake CBS 4094* kru se i CBS 573 s i lv a e CBS 5498
lambiaa CBS 4550 s lo o f i i CBS 2429
langeron ii CBS 1912 so la n i CBS 1908
l ip o ly t ic a CBS 599 sorbosa CBS 1910
lu s ita n ia e CBS 4413 s te l la to td e a CBS 1905
macedoniensis CBS 2079 te n u is CBS 615
m altosa CBS 5611 trigonopso ides CBS 1911
m elib io s ica CBS 5814 tr o p ic a l is CBS 94
trunaata CBS 1899
u t i l i s CBS 621
v a n r ij i CBS 2920
v isw ana th ii CBS 4024
* zeylano ides IP 207
Release of sphaeroplasts
Basidiomycetous Candida
aquatica CBS 5443 humicola CBS 4280
bogoriensis CBS 4547 japonica CBS 1906
curvata CBS 570 javan ica CBS 5236
C.E.T.l d i f f lu e n s CBS 5233 marina CBS 5235
fo liarum CBS 5234 muscorum CBS 6921
fr ig id a  (1) CBS 5270 n iv a l is (1) CBS 5266
g e lid a (1) CBS 5272 s c o t t i i (1) CBS 614
(1) Now class if iec in Leucosporidium
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TABLE 2 Application of C.E.T. 1 (1,3-ß-glucanase associated with 
a reducing agent) to separate ascomycetous from basidiomycetous Torulopsis
Ascomycetous Toru lopsis
: T. anatomiae CBS 5247 inconspioua CBS 180
: ap is CBS 2674 magnolia e CBS 166
: bovina CBS 2660 maris CBS 5151
'■ Candida CBS 940 m olischiana CBS 136
: a a n ta r e l l i i CBS 4878 n itr a to p h ila CBS 2027
: c o llic u lo sa CBS 133 norvegica CBS 4239
C.E.T. : d a t t i la CBS 137 p in to lo p e s i i CBS 1707
j. : e m o b ii CBS 1737 pinus CBS 970
+  : e t c h e l l s i i CBS 1751 s te l la ta CBS 843
: glabra ta CBS 138 to r r e s i i CBS 5152
: globosa CBS 162 v e r s a t i l i s CBS 1731
: gfropengiesseriCBS 156 wickerham ii CBS 2928
: ho Im ii CBS 135
; 'Release of sphaeroplasts
: Basidiomycetous T oru lopsis
: T. fu jis a n e n s is CBS 4551
C.E.T. : ingeniosa CBS 4240
: la c tis -c o n d e n s i  CBS 52
p h ily la CBS 6272
TABLE 3 Application of C.E.T. 2 (1 ,4-a-glucanase associated with 
1,3-ß-g lucanase) to the basidiomycetous species of Candida and Toru lopsis
A
C. E. T. 2 + ' C. E. T. 2 -
First sub-class Second sub-class
Candida curvata Candida aquatica
C. fr ig id a C. bogoriensis
C. g e lid a C. d i f f lu e n s
C. humicola C. fo liarum
C. japonica C. javan ica
C. marina C. muscorum
C. n iv a l is  
C. s c o t t i i T oru lopsis fu j is a n e n s isT. vngem osa
T. la c tis -c o n d e n s i
T. ph i ly  la
Release of sphaeroplasts
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Fig. 1 and 2. -  Release of sphaeroplast of S. cerevisiae  using C.E.T. 1 
Scanning electron microscopy x 15.000 (8 )
(published in : Ann. Microbiol. Inst. Pasteur, 1979, in press)
Fig. 3 and 4 .-  Release of sphaeroplast of C. a lb icans  using C.E.T. 1 
Scanning electron microscopy x 15.000 
We obtained these photographs with the collaboration 
of M. Miegeville and C. Vermeil
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glucanase. In sensitive Basidiomycetes, 1,4-a-glucanase acts before 1,3-ß- 
glucanase. In both cases, the internal layer is made of 1,3-3-glucanes. The 
difference is localized in the external layer which is made up of protein 
with disulphide bonds in Ascomycetes, but is composed of 1,4-a-glucanes in 
sensitive Basidiomycetes. Starch is almost always synthesized by the latter
The application of these C.E.T. tests  to Fungi Imperfecti yeasts has led us 
to establish a new key (table 4) permitting a different placement of Candi­
da and Torulopsis amongst the classi fication of yeasts.
REFERENCES
1. J.-M. Bastide, P. Trave, and M. Bastide, Etude de la paroi cel lulaire
de Candida macedoniensis : formation de protoplastes, Ann. I n s t i t u t  
P asteur, 121, 311-324 (1971).
2. M. Bastide, P. Trave, and J.-M. BASTIDE, L'heterogénéité de structure 
de la paroi dans le genre Candida a -t -e l l e  une incidence taxonomique ? 
4 mm. M ic ro b io l.In s t. P asteur, 124 A, 359-373 (1973).
3. E. Hadibi, Production de glucanases et application ä la systématique 
des levures, Thesis Doct. Pharm. Montpellier, France (1977).
4. J.-M. Bastide, E. Hadibi, and M. Bastide, Taxonomic release after en­
zymic treatment of intact c e l l s ,  J. Gen. M icro b io l., in press (1979).
5. E. Hadibi, S. Jouvert, J.-M. Bastide, and M. Bastide, Classification  
of some Fungi Imperfecti yeasts in Heterobasidiomycetes using proto­
plast formation, IMC2 , 1 ,  257 (1977).
6 . M. Bastide, E. Gueho, and S. Jouvert, Sphaeroplast release and GC eva­
luation in taxonomy of Triahosporon and Geotrichum, 5 th  In te rn . Proto­
p la s t  Symp., Ssegedo (Hungary) (1979).
7. M. Bastide, E. Hadibi, J.-M. Bastide, M. Miegeville, and C. Vermeil, 
The cell-wall enzymolysis te st  : taxonomic value and localization of  
disruption spots, I.C.M. XII ,  A bstra c t C45, Munich (1978)
8 . M. Bastide, E. Hadibi, D. Scheiber, M. Miegeville, C. Vermeil, and J. -
M. Bastide, Modali tés  de libération des protoplastes de Saccharomyces 
cen ev is ia e : étude en microscopie électronique ä balayage, Ann. Micro­
b io l .  I n s t .  P asteur, in press (1979).
9. N.J.W. Kreger-Van Rij, .Electron microscopy of germinating ascospores 
of Saccharomyces c e re v is ia e , Arch. M icro b io l., 117, 73-77 (1978).
227

SPONTANEOUS AND ENZYME-INDUCED PROTOPLASTS FROM
ENTOMOPHTHORA SPECIES
David Tyrrell and John F. Peberdy
Forest Pest Management Institute, Canadian Forestry 
Service, Sault Ste. Marie, Ontario, Canada and the 
Department of Botany, University of Nottingham 
Nottingham, England
ABSTRACT
A method was d ev e lo p e d  f o r  t h e  p r o d u c t io n  o f  p r o t o p l a s t s  from 
Entomophthora v iru le n ta .  Y ie ld s  o f  up t o  5 x 106 p e r  ml were o b t a i n e d  
u s i n g  c u l t u r e  f i l t r a t e s  from Trichoderma harzianum  grown on media 
su p p lem en ted  w i th  E. v iru le n ta  c e l l  w a l l s .  The p r o t o p l a s t s  were 
s p h e r i c a l ,  m u l t i n u c l e a t e ,  and r e a d i l y  r e g e n e r a t e d  t o  t h e  norm al h y p h a l  
form i n  n u t r i e n t  m ed ia ,  i n c l u d i n g  G r a c e ' s  i n s e c t  t i s s u e  c u l t u r e  medium.
In  t h i s  r e s p e c t ,  t h e y  d i f f e r  from E. egressa  p r o t o p l a s t s ,  w hich  w i l l  grow 
and m u l t i p l y  in  t h e  p r o t o p l a s t  s t a t e  in  t h i s  medium.
In  1971, a s p e c i e s  o f  Entomophthora was i s o l a t e d  from n a t u r a l l y - i n f e c t e d  
hemlock lo o p e r  (Lambdina f i s c e l la r ia  f is o e lla r ia ')  l a r v a e  c o l l e c t e d  in  
Newfoundland ( 1 ) .  E x p e r im en ts  d e s ig n e d  t o  improve t h e  grow th  o f  t h i s  
i s o l a t e  r e v e a l e d  t h a t  t h e  fungus  p o s s e s s e d  th e  u n u su a l  p r o p e r t y ,  when i t s  
c o n i d i a  g e rm in a te d  i n  G r a c e ' s  i n s e c t  t i s s u e  c u l t u r e  medium (2) 
su p p lem en ted  w i th  f e t a l  b o v in e  serum , o f  s p o n ta n e o u s ly  r e l e a s i n g  t h e  
p r o t o p l a s t  from t h e  t i p  o f  t h e  c o n i d i a l  germ t u b e  ( 3 ) .  The same 
phenomenon o f  p r o t o p l a s t  r e l e a s e  was o b se rv e d  i f  v e g e t a t i v e  hyphae were 
t r a n s f e r r e d  t o  t h i s  medium.
Upon r e l e a s e ,  t h e  p r o t o p l a s t  r a p i d l y  o r g a n i s e d  i n t o  s p i n d l e - s h a p e d  c e l l s  
j o i n e d  a t  each  end by f i n e  t h r e a d - l i k e  p r o c e s s e s .  S u b s e q u e n t ly ,  t h e y  
r e a d i l y  d i v i d e  and m u l t i p l y ,  and can  be m a in ta in e d  i n  t h e  p r o t o p l a s t  
s t a t e  by p e r i o d i c  s u b c u l t u r e  i n  t h e  same medium.
In  shake c u l t u r e ,  t h e  p r o t o p l a s t s  grow p re d o m in a n t ly  a s  i n d i v i d u a l  c e l l s  
r a t h e r  t h a n  in  c h a in s  o f  c e l l s ,  and w i l l  u n d erg o  c e l l  w a l l  r e g e n e r a t i o n ,  
h y p h a l  f o r m a t io n  and u l t i m a t e l y  c o n i d i a l  f o r m a t io n  (4 ,  5 ,  6 ) .
L e p id o p te ro u s  l a r v a e  can  r e a d i l y  be i n f e c t e d  by  i n j e c t i o n  o f  a p r o t o p l a s t  
s u s p e n s io n  i n t o  th e  h em ocoe le ,  and f u r t h e r  e v id e n c e  t h a t  t h e  p r o t o p l a s t  
p h a se  r e p r e s e n t s  p a r t  o f  t h e  n a t u r a l  c y c l e  o f  t h e  fungus  was o b ta i n e d  
when o s m o t i c a l l y - f r a g i l e  b o d ie s  were found in  th e  hemolymph o f  
l a b o r a t o r y - i n f e c t e d  sp ru c e  budworm (Choristoneura fum iferana)  l a r v a e  ( 7 ) .
S in c e  1971, 15 more s t r a i n s  o f  t h e  same s p e c i e s  have  been  i s o l a t e d  from 
o t h e r  L e p id o p te r a  l a r v a e  (8) and E. g r y l l i  h a s  a l s o  been  i s o l a t e d  from
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i n f e c t e d  C a r o l i n a  g r a s s h o p p e r s  (D isso s te ira  C aro lin a ) , and grown in  
p r o t o p l a s t  form  ( 9 ) .
Numerous a t t e m p t s  t o  o b t a i n  p r o t o p l a s t s  by  s i m i l a r  means from  o t h e r  
Entomophthora s p e c i e s  have  b een  u n s u c c e s s f u l ,  a l t h o u g h  t h e  t e c h n i q u e  h a s  
formed t h e  b a s i s  o f  a u s e f u l  method f o r  i s o l a t i o n  o f  Entomophthora s p e c i e s  
in  p u re  c u l t u r e  (1 0 ) .
In  o r d e r  t o  g a in  a c l e a r e r  u n d e r s t a n d i n g  o f  t h e  s i m i l a r i t i e s  and 
d i f f e r e n c e s  be tw een  t h e  E. egressa  and E. g r y l l i  p r o t o p l a s t s  and t h o s e  o f  
o t h e r  Entomophthora s p e c i e s ,  t h e  p r o d u c t i o n  o f  p r o t o p l a s t s  from 
Entomophthora s p e c i e s  by c o n v e n t i o n a l  enzymic t e c h n i q u e s  h a s  b een  s t u d i e d .  
The r e l e v a n c e  o f  t h e s e  e x p e r im e n t s  i s  en hanced  by r e c e n t  ad v an ces  i n  
f u n g a l  h y b r i d i z a t i o n  v i a  p r o t o p l a s t  f u s i o n  (11) , where such  t e c h n i q u e s  may 
be u se d  t o  im prove p a t h o g e n i c i t y ,  e a s e  o f  mass p r o d u c t i o n ,  o r  o t h e r  
d e s i r a b l e  c h a r a c t e r i s t i c s ,  and so f a c i l i t a t e  t h e  u s e  o f  Entomophthora 
s p e c i e s  i n  b i o l o g i c a l  c o n t r o l  programmes.
The p r e s e n t  p a p e r  r e p o r t s  t h e  p r o d u c t i o n  o f  p r o t o p l a s t s  from E. v ir u le n ta ,  
and com pares t h e i r  p r o p e r t i e s  w i th  t h o s e  o f  E. egressa .
MATERIALS AND METHODS
E. egressa  s t r a i n  458 and E. v ir u le n ta  s t r a i n  FP5 w ere  o b ta i n e d  from th e  
FPMI c o l l e c t i o n ,  S a u l t  S t e .  M a r ie .  E. egressa  was m a in ta in e d  by  p e r i o d i c  
s u b c u l t u r e  in  G r a c e ' s  i n s e c t  t i s s u e  c u l t u r e  medium (2) su p p lem en ted  w i th  
5% (v /v )  f e t a l  b o v in e  serum (FBS) w h i le  E. v iru le n ta  was m a i n t a i n e d  on 
Sabouraud  d e x t r o s e - m i l k - e g g  y o lk  medium ( 1 2 ) .  Trichoderma harzianum  
CBS 354-33  was o b t a i n e d  from P r o f .  J .H .G .  W esse ls  and m a i n t a i n e d  on TLE 
medium su p p lem en ted  w i th  1% l a m i n a r i a  meal and 0.5% c h i t i n  (1 3 ) .
C e l l  w a l l s  o f  E. v ir u le n ta  w ere o b ta i n e d  by  d i s r u p t i o n  o f  4 d ay  o ld  s h a k e -  
grown mycelium w i th  0 . 5  mm d ia m e te r  g l a s s  b e a d s ,  f o l lo w e d  by  e x t e n s i v e  
w ash in g  w i th  d i s t i l l e d  w a te r .  C e l l  w a l l s  (5 g /1 )  w ere added t o  TLE medium 
(500ml p e r  2 1 c o n i c a l  f l a s k ) , and i n o c u l a t e d  w i th  T. harzianum  c o n i d i a  
( f i n a l  c o n c e n t r a t i o n  o f  c o n i d i a ,  1 x 10** m l " * ) . The f l a s k s  w ere in c u b a t e d  
on a r o t a r y  s h a k e r  (200 c y c l e s  min"-*-) a t  28° u n t i l  t h e  w a l l s  w ere d i g e s t e d  
(ab o u t  3 d a y s ) , when t h e  mycelium was removed and t h e  c u l t u r e  f l u i d  
c o n c e n t r a t e d  by r o t a r y  e v a p o r a t i o n  u n d e r  r e d u c e d  p r e s s u r e  a t  30° o r  by 
f r e e z e  d r y i n g .
E. v ir u le n ta  m y c e l i a  f o r  p r o t o p l a s t  r e l e a s e  s t u d i e s  w ere grown i n  g lu c o s e  
(2%) p e p to n e  (2%), y e a s t  e x t r a c t  (0.1%) medium on a  r o t a r y  s h a k e r  (150 
c y c l e s  min"*-) a t  2 3 ° .  The mycelium was washed t h r e e  t im e s  i n  s t e r i l e  
d i s t i l l e d  w a te r  and once i n  0.6M s t a b i l i z e r .  Known f r e s h  w e ig h t s  o f  
mycelium were added t o  e q u a l  volum es o f  l y t i c  enzyme p r e p a r a t i o n  and 
in c u b a t e d  a t  28° on a  r e c i p r o c a l  s h a k e r .
RESULTS AND DISCUSSION
I n i t i a l  a t t e m p t s  t o  o b t a i n  p r o t o p l a s t s  from E. v ir u le n ta  h y p h a l  b o d ie s  
u s i n g  c o n c e n t r a t e d  c u l t u r e  f i l t r a t e s  from T. harzianum  grown on TLE medium 
su p p lem en ted  w i th  c h i t i n  and l a m i n a r i a  meal (13) w ere  u n s u c c e s s f u l .
Washed E. v iru le n ta  c e l l  w a l l s  were t h e r e f o r e  u sed  a s  l y t i c  enzyme 
in d u c in g  a g e n t .  When i n c o r p o r a t e d  i n t o  t h e  TLE medium (0.5%, w / v ) , th e y  
were r a p i d l y  d i g e s t e d  by T. harzianum  and c u l t u r e  f i l t r a t e s  c o n c e n t r a t e d
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by  e i t h e r  r o t a r y  e v a p o r a t i o n  o r  f r e e z e - d r y i n g  r e a d i l y  p ro d u ced  
p r o t o p l a s t s  from  E. virulenta i n  0.6M KC1 s t a b i l i z e r  a t  pH S.8 . No 
p r o t o p l a s t s  w ere formed i f  0.6M MgS04  was s u b s t i t u t e d  a s  s t a b i l i z e r .  While 
b o th  r o t a r y - e v a p o r a t e d  and f r e e z e - d r i e d  p r e p a r a t i o n  had t h e  same 
e f f i c i e n c y  when f r e s h l y - p r e p a r e d ,  t h e  f r e e z e - d r i e d  p r e p a r a t i o n  g r a d u a l l y  
l o s t  e f f i c i e n c y ,  and two t o  t h r e e  months a t  -2 0 °  was t h e  maximum s t o r a g e  
p e r i o d  f o r  t h i s  p r e p a r a t i o n .  The r o t a r y - e v a p o r a t e d  p r e p a r a t i o n ,  h ow ever ,  
r e t a i n e d  i t s  e f f i c i e n c y  f o r  a t  l e a s t  8 months u n d e r  t h e  same s t o r a g e  
c o n d i t i o n s .  F ig u r e  1 shows a  t y p i c a l  p r o t o p l a s t  r e l e a s e  c u rv e  f o r  
E. virulenta u s i n g  f r e e z e - d r i e d  enzyme.
Incubat i on t i me (hours)
F ig .  1 . E f f e c t  o f  t im e  on p r o t o p l a s t  r e l e a s e  from E. virulenta. The 
d i g e s t i o n  m i x tu r e  c o n ta i n e d  20mg m l~ l f r e s h  w e ig h t  mycelium and T. 
harzianum f r e e z e - d r i e d  c u l t u r e  f i l t r a t e  r e c o n s t i t u t e d  a t  5x o r i g i n a l  
c o n c e n t r a t i o n  i n  0.6M KC1/0.2M p h o s p h a te  b u f f e r  s t a b i l i z e r  pH 5 . 8 .
E. virulenta p r o t o p l a s t s  a r e  s p h e r i c a l ,  a v e r a g i n g  5 .5  urn i n  d i a m e t e r ,  
m u l t i - n u c l e a t e ,  and s i m i l a r  i n  a p p e a ra n c e  t o  p r o t o p l a s t s  p r e p a r e d  i n  t h e  
same manner from o t h e r  fu n g a l  s p e c i e s  ( F ig u r e  2).
F ig .  2 .  P r o t o p l a s t s  o f  E. virulenta. (3 h o u r  d i g e s t i o n ;  c o n d i t i o n s  
a s  in  F ig u r e  11.
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F ig .  3. P r o t o p l a s t s  o f  E. egressa  i s  s t i l l  c u l t u r e .  (48 h o u rs  
i n c u b a t i o n ;  G races  i n s e c t  t i s s u e  c u l t u r e  medium p lu s  5% FBS).
F ig .  4 .  P r o t o p l a s t s  o f  E. egressa  i n  shake  c u l t u r e  (24 h o u rs  
i n c u b a t i o n ;  medium as  i n  F ig .  3 ) .
In c o n t r a s t ,  t h e  m orphology  o f  E. egressa  p r o t o p l a s t s  from s t i l l  (F ig u re  
3 ) ,  and sh ak e  ( F ig u re  4) c u l t u r e  a r e  s u b s t a n t i a l l y  d i f f e r e n t ,  a l t h o u g h  
t h e y  do assume a s p h e r i c a l  form in  0.6M KC1 s t a b i l i z e r ,  r e v e r t i n g  t o  t h e  
s p i n d l e  sh ap e  a s  grow th  recommences a f t e r  t r a n s f e r  back t o  G r a c e ' s  medium. 
E. v iru le n ta  p r o t o p l a s t s ,  on t h e  o t h e r  h an d ,  rem ain  s p h e r i c a l  i n  G r a c e ' s  
medium, and r e g e n e r a t e  t o  t h e  h y p h a l  form w i t h i n  12 h o u r s .
The r e l a t i o n s h i p  be tw een  f r e s h  w e ig h t  o f  mycelium and p r o t o p l a s t  r e l e a s e  
i s  shown in  F ig u r e  S , and t h e  e f f e c t  o f  age o f  mycelium on p r o t o p l a s t  
r e l e a s e  i s  shown i n  F ig u r e  6 .  The grow th  c u rv e  o f  E. v iru le n ta  i s  a l s o  
i n c lu d e d  in  t h i s  f i g u r e .  Maximum y i e l d s  o f  p r o t o p l a s t s  were o b ta i n e d  from 
mycelium in  t h e  s t a t i o n a r y  and d e c l i n e  p h a s e s  o f  t h e  grow th  c y c l e ,  
a l t h o u g h  t h i s  may be b e c a u se  t h e  enzyme was r a i s e d  a g a i n s t  4 - d a y - o ld  
mycel ium , and w a l l  c o m p o s i t io n  may change w i th  age .
<o
o
Fresh wei ght  mycel i um ( mg. ml ' M I n c uba t i on  t i me  ( d a y s )
F ig .  5 .  R e l a t i o n s h i p  o f  f r e s h  w e ig h t  o f  mycelium t o  p r o t o p l a s t  
r e l e a s e  i n  E. v iru le n ta .  D ig e s t io n  c o n d i t i o n s  were a s  in  F ig .  1 , e x c e p t  
t h a t  t h e  f r e s h  w e ig h t  o f  mycelium was v a r i e d .  P r o t o p l a s t  y i e l d  was 
c o u n te d  a f t e r  5 h o u rs  d i g e s t i o n .
F ig .  6. E f f e c t  o f  age  o f  mycelium on p r o t o p l a s t  y i e l d  ( ® —— •  ) 
and grow th  c u rv e  ( ■ — —  ■ ) o f  E. v iru le n ta .  The fungus  was grown in  
sh ak e  c u l t u r e  a t  2 3° .  Samples were t a k e n  a t  24 h o u r  i n t e r v a l s ,  w ashed, 
and th e  d ry  w e ig h t  d e te r m in e d .  P a r a l l e l  sam ples  were d i g e s t e d  as  
d e s c r i b e d  i n  F ig .  1 and p r o t o p l a s t  y i e l d  d e te rm in e d  a f t e r  S h o u r s .
When t h e  l y t i c  m ix tu r e  i s  removed and r e p l a c e d  by s t a b i l i z e d  n u t r i e n t  
m ed ia ,  E. v iru le n ta  p r o t o p l a s t s  r e a d i l y  r e g e n e r a t e  t o  g iv e  t h e  norm al 
h y p h a l  form ( F ig u re s  5 ,  6 and 7 ) .  These d e v e lo p in g  h y p h a l  b o d ie s  can 
th e n  be t r a n s f e r r e d  t o  u n s t a b i l i z e d  m ed ia ,  and norm al deve lopm ent o c c u r s .
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F ig s .  7 ,  8 ,  9 . R e g e n e r a t io n  o f  E. v ir u le n ta  p r o t o p l a s t s  i n  0.6M KC1 
s t a b i l i z e d  g l u c o s e - p e p t o n e - y e a s t  e x t r a c t  medium.
The e x p e r im e n t s  o u t l i n e d  above d e m o n s t r a t e  t h a t  p r o t o p l a s t s  can  r e a d i l y  be 
o b t a i n e d  from E. v ir u le n ta  by  l y t i c  enzyme t e c h n i q u e s ,  and t h a t  s u b s e q u e n t  
r e g e n e r a t i o n  o f  t h e s e  p r o t o p l a s t s  i s  s i m i l a r  t o  t h a t  d e s c r i b e d  f o r  o t h e r  
f u n g i .  T h a t  t h i s  r e g e n e r a t i o n  s eq u en ce  i s  a l s o  f o l lo w e d  in  G r a c e ' s  medium 
i n d i c a t e s  t h a t  t h e  a b i l i t y  o f  E. egressa  p r o t o p l a s t s  t o  grow and m u l t i p l y  
i n  t h a t  medium i s  n o t  s h a r e d  by  E. v ir u le n ta ,  and f u r t h e r m o r e ,  t h i s  f a i l u r e  
i s  n o t  c au sed  by  t h e  i n a b i l i t y  o f  t h e  l a t t e r  t o  r e l e a s e  i t s  p r o t o p l a s t  
s p o n t a n e o u s ly  when in c u b a t e d  i n  G r a c e ' s  medium.
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Most ac t in o m y cete s  produce a n t i b i o t i c s .  Mieromonospora  s p e c i e s ,  
which a l s o  belongs  to a c t i n o m y c e t e s , has r e c e n t l y  emerged as a 
producer of  important a n t i b i o t i c s ,  l i k e  g en ta m ic in ,  ( I )  s i s o -  
m-jdn ( 2 ) ,  e t c .  The mechanism and r e g u l a t i o n  o f  a n t i b i o t i c  
s y n t h e s i s  can be i n v e s t i g a t e d  by biochemical  and g e n e t i c a l  
methods ( 3 ) .  Genet i c  i n v e s t i g a t i o n  needs the development of  
a good g e n e t i c  t r a n s f e r  method. In case  o f  Mieromonospora , 
however,  only  a poorly  c h a r a c t e r i z e d  con ju gat i on  type of  
g e n e t i c  exchange has been d es cr ib ed  (4 ,  5 ) .  I t  has r e c e n t l y  
been demonstrated t h a t  very e f f i c i e n t  recombinat ion can be 
obta ined  by f u s i n g  o f  b a c t e r i a l  p r o t o p l a s t s  with p o ly e t h y l e n e  
g l y c o l  treatment  ( 6 , 7 ) .  This method has been ap pl ied  for  
s ev e ra l  s t r ep to m y ce te s  s u c c e s f u l l y  ( 8 ) .  S ince  p o ly e t h y l e n e  
g ly c o l  (PEG) i s  able  to fu se  p r a c t i c a l l y  any kind o f  p r o t o ­
p l a s t s  as wel l  as to induce h e t e r o s p e c i f i c  c r o s s e s  i t  seemed 
us re a so na b le  to try  to develop  an e f f e c t i v e  p r o t o p l a s t  
f u s io n  system with Mieromonospora.
MATERIALS AND METHODS
Two s p e c i e s  of  Mieromonospora  were used throughout  t h i s  s tudy .  
Mieromonospora eahinospora  ATCC 15837 which s y n t h e s i z e s  
gentamicin complex (1)  and M. inyoensis  ATCC 27600 which 
produces the a n t i b i o t i c  s i s o m i c i n  ( 2 ) .  They were cu l tu red  
in a r ich  medium or minimal medium (9)  at  32°C. A n t i b i o t i c  
r e s i s t a n t  mutants were obtained a f t e r  n i tr o s o g u a n id in e  
mutagenesis  by p l a t i n g  onto a n t i b i o t i c  c o n t a in in g  s o l i d  
medium. The r i f a m p ic in  r e s i s t a n t  mutant (rifr ) could grow in 
the presence  of  100 yg/ml o f  r i f a m p i c i n ,  whereas the wi ld  
type parent was very s e n s i t i v e  fo r  t h i s  drug ( l e s s  than 
1 yg/ml r e s u l t e d  in complete growth i n h i b i t i o n ) .  The same 
parameters fo r  s tr ep to myc in  r e s i s t a n t  mutant were 500 yg/ml 
and 10 yg/ml r e s p e c t i v e l y .  Casamino a c id -d ependent  mutant 
(e a s ) was i s o l a t e d  a f t e r  enrichment  with p e n i c i l l i n - c y c l o ­
s e r i n e  trea tment  by r e p l i c a - p l a t i n g .  The amino acid auxotrophy  
of  the mutant could not be determined ,  s i n c e  i t  did not grow 
on mineral  s a l t s - g l u c o s e  medium supplemented with e i t h e r  of
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the  amino acid  a lo ne ,  and vice versa , good growth was obta ined  
in the absence o f  any amino acid i f  the o ther  19 natural  amino 
a c id s  were supplemented.  The mutant r e v e r t e d  by the frequency  
of  l e s s  than 10-7 and did not g iv e  a background growth on 
mi ni ma 1- g l u c o s e  medium. This l a t t e r  property  was very impor­
t a n t  when d i r e c t  s e l e c t i o n  was used a f t e r  f u s i o n .
RESULTS AND DISCUSSION
P r o t o p l a s t i  n g . Micromonospora  could not be e f f e c t i v e l y  pro to -  
p l a s t e d  with lysozyme or lysozyme-EDTA tr ea tm ent  even i f  very 
high c o n c e n t r a t i o n s  o f  lysozyme were used (up to 20 mg/ml) for  
24 hours .  However, when the c e l l s  were grown in the presence  
of  high c o n c e n t r a t i o n  o f  g l y c i n e ,  1 mg/ml o f  lysozyme was 
enough for  complete  p r o t o p l a s t  convers io n  in 90 min at  37°C. 
Micromonospora  was found to be much more s e n s i t i v e  for  g l y c i n e  
than the s t r e p t o m y c e t e s  ( 1 0 ) ,  s i n c e  0.5% of  g l y c i n e  i n h i b i t e d  
very s e v e r e l y  the growth ( F i g .  1 ) .  The g l y c i n e  s e n s i t i v i t y  o f  
v ar iou s  Micromonospora  s t r a i n s  were d i f f e r e n t ,  t h e r e f o r e  i t  
was n ece s s a ry  to determine the optimal  c o n c e n t r a t i o n  of  
g l y c i n e  not on ly  with every s t r a i n  but a l s o  with every mutant.  
Good p r o t o p l a s t s  were obta ined  only  i f  the morphologica l  
changes shown in F ig .  2 were observed under phase c o n t r a s t  
m icros cope.  In case  o f  wi ld  t y p e ,  0.3% g l y c i n e  induced the  
c h a r a c t e r i s t i c  morphological  ch an ges ,  whereas in case  of  
oas rifr double mutant 0.2% g l y c i n e  was enough.  Under optimal  
c o n d i t i o n  the p r o t o p l a s t  co n v ers io n  was almost  co m ple t e ,  i.e. 
the colony forming a b i l i t y  decr eased  a f t e r  lysozyme treatment  
to IO" 7 - 1 0 ' 8 .
Regenerat ion o f p r o t o p l a s t s . A modif i ed  method o f  Okanishi (9)  
was used fo r  c e l l  wa11 r e g e n e r a t io n  o f  Micromonospora  p r o t o ­
p l a s t s .  Table 1 demonstrates  the e s s e n t i a l  m o d i f i c a t i o n s .
TABLE 1 Medium for  r e g e n e r a t io n  o f  Micromonospora  p r o t o p l a s t s
Components__________Okani shi__________Modif ied
Sucrose 0 .3 5  M 0 .2  M
K2S04 0 .2 5  g/1 0 .25  g/1
Glucose 1 . 0% 1 . 0 %
Pro 1i ne 0.3% 0.3%
Casamino acid 0 . 1% -
MgCl 2 50 mM 50 mM
CaCl o 
KH2PO4
20 mM 
0 .3 6  mM
10 mM 
0 .5  mM
Buffer 0 .025  M TES 0 .025  M TRIS
T emperature 28°C 32°C
pH pH 7.2 pH 7.5
As can be seen 0 .2  M su cro se  was used i n s t e a d  o f  0 .3 5  M, 
because the l a t t e r  c o n c e n t r a t i o n  was found to be i n h i b i t o r y .  
Casamino aci d  was removed from the r e g e n e r a t io n  medium to make
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p o s s i b l e  the d i r e c t  s e l e c t i o n  of  recombinants  a f t e r  f u s i o n .  
When i n d i r e c t  s e l e c t i o n  was used,  the medium was supplemented  
with 0.1% of  y e a s t  e x t r a c t  in s t e a d  o f  casamino acid  which 
r e s u l t e d  b e t t e r  and more rapid r e g e n e r a t io n .  To change the  
temperature from 28°C to 32°C was important s i n c e  i t  increased  
the re g e n e r a t io n  frequency by a magnitude.  More important was 
to i n c r e a s e  the pH value from pH 7 .2  to pH 7 . 5 .  This change 
r e s u l t e d  in a f u r t h e r  in c r e a s e  of  the r e g en era t io n  frequency  
by a f a c t o r  o f  100. By t h ese  m o d i f i c a t i o n  a l t o g e t h e r ,  the 
e f f i c i e n c y  of  r e g en era t io n  could be improved c o n s i d e r a b l y ,  
the d i f f e r e n c e  was higher than 103 . Linder optimal co n d i t io n  
the r e g en era t io n  frequency was around 10"3 .
Fusion of  p r o t o p l a s t s . The p r o t o p l a s t s  obta ined from the  
mutant and the wi ld  type s t r a i n s  were fused with p o ly e t h y le n e  
g ly c o l  (PEG) treatment  as d escr ib ed  a lread y  ( 5 ) .  B r i e f l y ,  40% 
PEG 6000 was used fo r  10 min at room temperature.  0 .1  ml of  
the fused p r o t o p l a s t s  were than p la t ed  in 2 ml o s m o t i c a l l y  
buf fe red  top agar (0.4%) onto re g en era t io n  media.
S e l e c t i o n  of  r eco m b ina n ts . In p r i n c i p l e  two kinds of  recombi-  
nant s e l e c t i o n  method can be ap p l ied  a f t e r  p r o t o p l a s t  f u s i o n ,
i . e .  d i r e c t  (6)  and i n d i r e c t  (7)  s e l e c t i o n .  When d i r e c t  s e l e c ­
t io n  i s  used,  the  PEG-treated p r o t o p l a s t s  are p la ted  onto  
s e l e c t i v e  medium, where only  the recombinants  are ab le  to 
form c o l o n i e s .  In case o f  i n d i r e c t  recombinant s e l e c t i o n  
method, the fused p r o t o p l a s t s  f i r s t  are a l lowed to regen erate  
on a n o n s e l e c t i v e  medium and the recombinants  are s e l e c t e d  by 
r e p l i c a  p l a t i n g  onto s e l e c t i v e  medium. Both methods were used 
for  s e l e c t i n g  recombinants  a f t e r  f u s io n  of d i f f e r e n t  M ioro-  
monospora  p r o t o p l a s t s .
I n d i r e c t  method. P r o t o p l a s t s  o f  the oas r i f r  double mutant and 
i t s  wi ld  type [ a a s + r i f 8 ) were used for  i n d i r e c t  s e l e c t i o n .  
Aft er  f u s i o n  p r o t o p l a s t s  were p la t ed  onto reg en era t io n  medium 
d es cr ib ed  in Table 1 which con tained  0.1% y e a s t  e x t r a c t  to o .  
Aft er  the c o l o n i e s  had been d ev e lo p ed ,  they were r e p l i c a - p l a ­
ted onto the same as wel l  as onto s e l e c t i v e  medium (minimal 
medium c o n t a in in g  5 pg/ml o f  r i f a m p i c i n ) .  By the-se methods the  
frequency o f  hybrid c o l o n i e s  ( p r o t o t r o p h i c - r i f a m p i c i n  r e s i s ­
t a n t )  was found to be around 10"4. Most of  them, however,  
proved to be u n s t a b l e ,  l e s s  than 1% showed s t a b l e  recombinant  
p r o p e r t i e s .  Thus the f i n a l  recombinat ion frequency was very 
low. No colony  was formed at a l l  when the fused p r o t o p l a s t s  
were p la t ed  d i r e c t l y  onto s e l e c t i v e  medium i n d i c a t i n g  t h a t  tine 
r i f r  p r o p e r t y ,a s  e x p e c t e d ,  i s  r e c e s s i v e  in M-iaromonospora to o .  
Among the u ns tab le  hybrids some i n t e r e s t i n g  ones were found.  
Although we could r e i s o l a t e  both parents  from a s i n g l e  co lony ,  
no growth was observed on the s e l e c t i v e  medium. The ex p la n a ­
t io n  of  t h i s  phenomenon i s  not known but i t  seems as i f  they  
were h e t e r o k a r y o n s .
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Fig .  1 E f f e c t  o f  g l y c i n e  on growth o f  M. i n y o e n s i s
Numbers on the curves  i n d i c a t e  c o n c e n t r a t i o n s  o f  
g l y c i n e  in p e rc en t .
Fig .  2 Morphological  changes o f  a M. inyoensis c u l t u r e  
induced by g l y c i n e T
A: w i th out  g l y c i n e  
B: with 0.3% g l y c i n e
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D i r e c t  s e l e c t i o n . S ince  the mutat ions  fo r  a n t i b i o t i c  r e s i s t -  
ance are normally  r e c e s s i v e  ones with r e s p e c t  to  t h e i r  wi ld  
type a l l e l e s  and a f t e r  p r o t o p l a s t  f u s i o n  most probably an 
i n t e n s i v e  c y t o p la s m ic  mixing ta kes  p l a c e ,  i t  i s  not s u r p r i s i n g  
t h a t  d i r e c t  s e l e c t i o n  can be used on ly  i f  the  s e l e c t i v e  a n t i ­
b i o t i c  i s  added to the  r e g e n e r a t io n  medium a f t e r  w a i t i n g  the  
phenotyp ic  l a g .  For t h i s  experiment  we used the p r o t o p l a s t s  
der ived  from the w i ld  type M. echinospora and from i t s  
aas strv double mutant.  The fu sed  p r o t o p l a s t s  were p la t ed  onto  
r e g e n e r a t io n  medium given  in Table 1. (The c o n c e n t r a t i o n s  of  
Ca and Mg were d ecreased  to 10 mM, s i n c e  the high c o n c e n t r a ­
t i o n s  o f  t h e s e  c a t i o n s  are known to  c o u n t e r a c t  the  s t r e p t o ­
mycin e f f e c t . )  Then s tr ep to m yc in  was o v e r - l a y e r e d  in osmo- 
t i c a l l y  b uf fered  t o p -a g a r  e i t h e r  immediate ly  a f t e r  p l a t i n g  
or one,  two,  e t c . ,  days l a t e r ,  to  g iv e  a f i n a l  c o n c e n t r a t i o n  
o f  200-400 y g / m l . No co lony was found on th os e  P e t r i  d i s h e s  
which were supplemented with s tr ep to m yc in  on the f i r s t  two 
days .  When s tr epto m yc in  was added between the t h i r d  and 
sev enth  days a f t e r  p l a t i n g ,  hybrid c o l o n i e s  deve loped .  More 
than 90% of  them proved to be s t a b l e  recombinants  (good growth 
in f i v e  s u c c e s s i v e  passages  on m in imal-s tr e p t o m y c in  medium).
Fusion o f  h e a t - i n a c t i v a t e d  and l i v i n g  p r o t o p l a s t s . I t  i s  
apparent from the r e s u l t s  d e scr ib ed  above th a t  both the  d i r e c t  
and the i n d i r e c t  method has i t s  own advantage and d i s a d v a n ta g e .  
Advantage o f  the d i r e c t  s e l e c t i o n  i s  th a t  recombinants  can be 
obta ined  in one s t e p ,  whereas in the l a t t e r  case  in two s t e p s .  
In a d d i t i o n ,  the v a s t  m a j o r i t y ' o f  the d i r e c t l y  i s o l a t e d  hyb­
r i d s  proved to be s t a b l e  recombinants  but more than 99% of  
the c o l o n i e s  i s o l a t e d  as "recombinants" by r e p l i c a  p l a t i n g  
were found to be u n s t a b l e  h y b r id s .  On the o ther  hand, the  i n ­
d i r e c t  s e l e c t i o n  has the advantage t h a t  i t  g i v e s  a b e t t e r  and 
more rapid c e l l  wal l  r e g e n e r a t io n  as wel l  as the a n t i b i o t i c  
r e s i s t a n t  markers can a l s o  be used for  s e l e c t i o n  w i th o u t  any 
l a b o r i o u s  o v e r l a y e r i n g  and w a i t i n g  fo r  phe noty pic  l a g .
To c ircumvent  the abovementioned d i sa d v a n ta g es  o f  both t e c h ­
niques  we co n cent ra ted  our e f f o r t s  to develo p  a s im ple r  system  
for  recombinant s e l e c t i o n .  The requirements  for  t h i s  system  
are the  f o l l o w i n g :  i , to use the d i r e c t  recombinant s e l e c t i o n  
te ch nique withou t  us ing a n t i b i o t i c  r e s i s t a n t  markers; i i , to 
avoid the  i s o l a t i o n  of  more than one a u xotr oph ic  mutant s i n c e  
i t  i s  not too easy to i s o l a t e  them from M i c r omonospora . A new 
te ch nique has r e c e n t l y  been d ev i sed  in the  A l f ö l d i ’ s l a b o r a to ry  
(11) for  d i r e c t  s e l e c t i o n  o f  recombinants  a f t e r  f u s i o n  of  
Bacillus megaterium p r o t o p l a s t s .  In t h i s  te ch nique  p r o t o p l a s t s  
of  one parent  are i n a c t i v a t e d  by heat  trea tm ent  p r io r  to  
f u s i o n .  This procedure provide s  a means fo r  c o u n t e r s e l e c t i o n  
when a p r o t o t r o p h i c  parent  i s  used.  The heat tr ea tm ent  should  
be e f f e c t i v e  enough to k i l l  a l l  the p r o t o p l a s t s  but ,  at  the  
same t im e ,  should be mild enough not to  l y s e  them. I t  was 
found t h a t  t h i s  t ech nique could be used fo r  Micromonospora to o .  
The p r o t o p l a s t s  o f  w i ld  type parent  was heat  i n a c t i v a t e d  by 
i nc ub a t in g  them at  55°C for  2-3 hours before  f u s i o n .  The 
ot her  parent  was the  aas strT double m u ta n t .A f te r  PEG treatment
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the fused p r o t o p l a s t s  were layered onto minimal medium, where 
only the recombinants  were able  to form c o l o n i e s ,  s i n c e  
n e i t h e r  the h e a t - i n a c t i v a t e d  p r o t o t r o p h ic  p a ren t ,  nor the  
other parent ( aas s t r r ) a lone formed c o l o n i e s  at a l l  on t h i s  
medium. Furthermore,  about 80% of  the hybrids  i s o l a t e d  by t h i s  
method was found to be s treptomy cin  r e s i s t a n t .  S ince  the  
a n t i b i o t i c  product ion i s  known to be decreased  concommitantly  
with some auxo trop hic  m u ta t io n s ,  the advantage of a d i r e c t  
s e l e c t i o n  system which needs only one g e n e t i c a l l y  marked 
parent i s  e v i d e n t .
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THE OLD PROBLEM OF PROTOPLAST CULTURE: CEREALS
Ingo Potrykus
Friedrich Miescher - Institut, P.O.Box 273 
CH-4002 Basel, Switzerland
On the basis of 6 years working,exclusive on cereal protoplast 
culture with hundreds of genotypes, and from discussions and 
literature study we are convinced that this problem can be sol­
ved, if given enough support and attention. We identify and re­
commend those systems which, at present, are the most promising
Why cereal protoplasts?
About 80 % of human food is provided, directly or in­
directly, by cereals and grasses (1). If protoplast technology 
- plant regeneration/genetic manipulation/genetic engineering - 
will in any way contribute to an improvement of plants, such an 
improvement, therefore, might have its greatest effect in the 
graminaceous crop plants. Routine plant regeneration from pro­
toplasts is the basic prerequisite for an effective application 
of the rapidly developing techniques in genetic modification of 
higher plant cells. Therefore, since the onset of modern proto­
plast research numerous workers have invested all their ef­
forts in experiments aimed at the development of methods for 
the induction of sustained divisions and plant regeneration in 
cereals and grasses. However, despite an immense effort, suc­
cess, especially if compared with herbaceous dicot plant spe­
cies, is depressingly low. Since the successful work of Vasil 
and Vasil, who were able to establish an embryogenic suspension 
culture of Pennisetum americanum from which protoplasts could be 
isolated which again formed embryos and plants (V. and I. Vasil 
personal comm.), and from the early work of Gamborg et al. (2), 
who established an embryogenic culture of Bromus inermis, and 
of Kao et al. (3), who recovered embryos and plants from proto­
plasts isolated from this culture, we may conclude that, given 
enough patience, effort, and support, it will, one day, be 
possible to grow cereals from single cells, as readily as in, 
e.g., tobacco. So far, however, we still seem to be far from 
this goal. We hope, however, that the results with Bromus and 
Pennisetum can be repeated with the main cereals like wheat, 
rice, maize, and barley. The present state of the art with 
cereals and grasses is, to my understanding, as follows:
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The few dividing systems
Table 1 Cereal protoplast culture:state of the art(June 1979)
1. Plant regeneration from isolated protoplasts
Bromus inermis (not reproduced): Kao, K.N. et al., 1973 (3) 
Pennisetum americanum: Vasil & Vasil, pers. comm.
2. Cell cultures established from protoplasts isolated from 
plant organs
Oryza sativa (not reproduced): Deka & Sen, 1976 (4)
Zea mays (not reproduced): Potrykus, I. et al., 1977 (5)
3. Cell cultures established from protoplasts isolated from 
apparently non-morphogenetic cell cultures
Saccharum officinale: Maretzki & Nickell, 1973 (6)
Oryza sativa: Somatic hybrid. Group, Peking, 1975 (7) 
Hordeum vulgare: Koblitz, H., 1976 (8)
Triticum monococcum: Dudits, D., 1976 (9)
Oryza sativa: Deka & Sen, 1976 (4)
Oryza sativa: Chi-kuei, T. et al., 1978 (10)
Zea mays: Potrykus, I. et al., 1979 (11)
Pennisetum ssp.: Vasil & Vasil, pers. comm.
Sorghum bicolor: Brar, D.S. et al., in press (12)
4. Reports where division ceased rapidly or where division has 
not been demonstrated convincingly
Numerous: see references (13) to (47)
5. Divisions of cereal nuclei within interspecific fusion 
hybrids
Soybean+barley, soybean+corn: Kao, K.N. et al., 1974 (46) 
Carrot+barley: Dudits, D. et al., 1976 (47)
6. Division of cereal nuclei without subsequent cell division 
Avena sativa: Galston, A.W., pers. comm.
Hordeum vulgare, Triticum aestivum: Lörz, H., pers. comm. 
Zea mays: Potrykus, I., unpublished
The problem of misinterpretation: There are numerous 
reports in the literature on cereal protoplasts culture, where 
figures, published to demonstrate divisions, apparently indi­
cate misinterpretations of developmental stages which often 
occur in cereal protoplast cultures and which perfectly re­
semble true divisions but which, unfortunately, are artifacts 
(see Section 4, Table 1). Cereal protoplasts very often res­
pond in culture with complex budding structures which remark­
ably resemble first and second divisions. If protoplasts are 
plated into soft agar, close location in combination with the 
normal expansion of the protoplasts also leads to perfect "di­
vision-like" structures. Agglutination and expansion, incom­
plete separation during isolation (frequent in preparations 
from more meristematic tissues) as well as internal septation 
of spontaneous fusion products are further possible sources 
for developments which mimic cell colony formation from proto­
plasts. Combination of budding, expansion, incomplete separa­
tion, agglutination, close location in agar also leads to
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Fig. 1: Pseudo-divisions in cereal protoplast cultures: some 
of the possible causes for the misinterpreting of "divisions"
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structures which, without having undergone a single division, 
resemble cell clusters derived via several rounds of divisions. 
This is especially complex in cases where more than 2 proto­
plasts contribute to the structure (see Fig. 1). Experience 
with dividing protoplast systems together with precise control 
of the protoplast populations and careful observation during
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their development may help in avoiding misinterpretation. A 
further source for possible errors, relatively common in pro­
toplast preparations from meristematic and from expanding tis­
sues and cell cultures, are groups of meristems which "conta­
minate" protoplast populations if these are not cleaned care­
fully. present situation in cereal protoplast/"tissue" culture
Cereal protoplasts do not respond to the wide range of 
conditions inducing division of protoplasts from herbaceous di- 
cotyledoneous species and of Asparagus (48 ). Despite the applica­
tion of the large body of experience accumulated in more than 
10 years of successful (and unsuccessful) culture of plant pro­
toplasts, and despite the testing of hundreds or thousands of in- 
vitro conditions (31-39 ), we are not in the position to induce 
sustained divisions at will in any given cereal. The situation 
is even more serious with regard to plant regeneration. The em- 
bryogenic cell culture (2) and protoplast culture (3) of Bromus 
was, probably, a chance event. We do not yet know whether the 
embryogenic Pennisetum culture of Vasil & Vasil will also be 
unique (although we consider it a very exciting improvement).
Both the results with Oryza sativa (4) and Zea mays (5), where 
protoplasts isolated directly from the differentiated plant 
formed cell cultures, were uncontrollable chance events. The ap­
parent non-morphogenetic cell lines of Saccharum off. (6 ), Tri- 
ticum mon. (9), Zea mays(11), Oryza sat,(4), Pennisetum spp. 
(Vasil, pers. comm.), and Sorghum bic. (12) have been selected 
as chance events and, as they are not morphogenic to begin with 
there is not much hope that they might yield morphogenic proto­
plasts. The anther culture derived cell cultures of Oryza sati­
va (7,10) may have been morphogenetic at the beginning but had 
lost their morphogenic potential at the time of the protoplast 
experiments. The situation with cereal mesophyll protoplasts, I 
consider, as far as published, rather negative. Most of the pub­
lished "first divisions" are, probably, misinterpretations of 
"pseudo-divisions". However, there are some rare figures, which 
might show real first divisions (23, 25). In two publications 
it has been demonstrated that cereal mesophyll nuclei can enter 
mitosis if' combined with an actively dividing nucleus in a he- 
terokaryon (46, 47),and there are several observations on the 
division of nuclei within cultured cereal mesophyll protoplasts 
which indicate that nuclei are not completely blocked towards 
division (Section 6, Table 1). Under appropriate culture condi­
tions cereal mesophyll protoplasts can survive more than 120 
days in culture and can be induced to develop highly synchron­
ously towards division, showing all the well-known intracellu­
lar alterations characteristic for mesophyll protoplasts of, e. 
g., tobacco developing towards division (32,33,34). The further 
development, however, ends in pseudodivisions.
The problem of cereal protoplast culture appears not to 
be a problem of cereal protoplasts but rather a problem of 
cereal cell culture (49,50). Induction of cell cultures in ce­
reals apparently leads to a totally different pattern of de-
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velopment than in herbaceous dicots. Whereas dicots respond 
with a typical callus formation - proliferating, undifferen­
tiated masses of cells each of which is capable of sustained 
divisions - cereals apparently respond with the development of 
localised adventitious bud or root primordia which contain 
only a few cells capable of sustained divisions and which pro­
duce masses of terminally differentiated cells (49,51,52).
Cell line formation (53) - development of exclusively prolife­
rating and undifferentiated cells - is an uncontrollable and
Fig. 2: "Tissue" and protoplast culture in cereals and grasses
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rare chance event which is, in addition, extremely species and 
genotype dependent (49). Plant regeneration from cereal "callu­
ses" is, apparently, only from preexisting (and propagating) 
organised structures, not from undifferentiated single cells 
(see Fig. 2).
With regard to our aim - plant regeneration from iso­
lated single cells/protoplasts in cereals - there are some 
promising systems in cereal cell culture: 1. Microspore-deriv- 
ed cell cultures clearly originate from single cells. However, 
multiple plant formation from anther culture derived cell cul­
tures may arrive through the typical cereal culture response 
of modified original embryo.2. Multiple plant regeneration 
from scutellum tissue of immature embryos (54,55,56) appears to 
be through somatic embryogenesis originating from single cells 
(57), and might be developed into a source of embryogenic cell 
cultures similar to Daucus carota. 3. Plant regeneration from 
cell cultures derived from cultured roots of Oryza sativa (58) 
indicates complete de- and re-differentiation. £. Plant rege­
neration from the shoot system of immature inflorescences (56, 
59,60,61) may be from dormant axilliary bud initials. It might, 
however, also arrive from single undifferentiated cells and de­
serves a detailed study. 5_. Plant regeneration from endosperm 
(62) ought to be from single cell origin and would provide an 
interesting protoplast system.
How to proceed further?
A basic difference between cereals/grasses and the her­
baceous dicots, where cell culture is routinely possible, is 
the "wound-reaction". Induction of sustained divisions in dicots 
is, possibly, not more than supporting the naturally occurring 
process of wound healing at the single cell level, and, there­
fore, is not really an "induction". It is a common experience 
that in all tissue culture approaches, we are totally dependent 
upon the reaction of "competent" cells and we have no detailed 
information about the mechanisms underlying and regulating this 
phenomenon. The wound-reaction may be indicative of competence 
for in vitro response. Differentiated cereal cells do not show 
a wound reaction.
It might, therefore, be advisable to focus the work on 
cereal protoplast culture in future on cells which have expres­
sed division potential, and better, if possible., on cells which 
have expressed totipotency in complex cell culture systems.
There are, if compared to herbaceous dicots, not many cells in 
a cereal/grass which fulfil this requirement , however, there 
are at least some cells and tissues, which, under this view, 
deserve more attention: Totipotent cells are available _1. in 
"induced" microspores and in microspore-derived cell cultures 
(before they have lost their regeneration capacity), 2. in the 
scutella of "induced" immature embryos at the state when secon­
dary embryos are formed (when small plants become visible it is 
probably already too late), _3* in the immature florescences at 
the beginning of multiple shoot formation (it has not yet been 
established where exactly the responding cells are located),
4_. in explanted and "induced" vegetative growing points, in 
the immature, cellular endosperm. It is, with the exception of
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the microspores, so far unknown which cells and how many of 
these cells are totipotent and, therefore, protoplast popula­
tions isolated from these tissues will, probably, be composed 
of mixtures of competent and non-competent cells. It may, there­
fore, be advisable to at first approach a multiplication of com­
petent cells by trying to establish an embryogenic cell culture 
prior to protoplast isolation. Cells having division potential, 
however, without experimentally demonstrated totipotency, are 
present in meristematic leaves and young leaf sheath, as has 
been, among others, demonstrated by Koblitz and co-workers (63, 
64,65), and in roots, nodes, and axillary buds. Protoplasts from 
roots have, however, with the exception of an unconvincing claim 
(42) never been induced to undergo sustained divisions.
From the rich experience based on protoplast culture ex­
periments with the numerous positively responding dicots we know 
that many groups of parameters control success or failure of a 
protoplast culture experiment:
Table 2 Some of the parameters which control protoplast divi­
sion and subsequent plant regeneration
1 genetic basis for in vitro competence
2 intercellular relationships within the plant
3 mechanisms of differentiation ( ontogeny)
4 history of the individual plant/organ
5 actual physiological state of the cell
6 effects of the isolation procedure
7 effects of the isolated single cell state
8 nutritional requirements
9 hormonal requirements
10 physical culture conditions
11 presumptive inhibitors
12 cell population density effects
13 metabolism of cell wall synthesis
14 regulation of cell wall synthesis
15 function of cell wall in cell division
16 regulation of dedifferentiation
17 regulation of nuclear division
18 regulation of cellular division
19 regulation of cellular differentiation
20 intercellular relations within cell cultures
21 regulation and mechanism of pattern formation
22 regulation of organ/embryo formation
Unfortunately we know little more about these parameters 
than that they may be critical, as not many studies with model 
plant protoplast systems have aimed at providing more basic 
information upon the mechanisms underlying and regulating the 
events finally leading to protoplast-derived plants. As we 
know, however, that each of these factors alone can be the li­
miting factor, we have to consider them all in the cereal
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protoplast culture experiments.
Cereal protoplasts require more attention
I f  we hope that protoplast technology might be deve­
loped into a functional method for stable genetic alteration 
(and hopefully improvement) of plants, and if we do not close 
our eyes before the serious problem of food production, and if 
we consider that the present high yield of crop plants is only 
possible on the basis of an enormous energy input, and if we 
hope that, e.g. the progress in the molecular analysis of the 
nitrogen fixing systems and in recombinant DNA research and 
in transformation (66) might flow into a successful transfer of 
nitrogen-fixing capacity into plants, and if we do not want 
this to be possible with rather useless model plants and not 
possible with those plants which produce 4/5 of human food, 
then we have now to undertake a serious effort to crack the 
cereal protoplast problem.
It is apparent that cereals are extremely difficult 
in this respect and that Solanaceous species respond very readi­
ly. It is understandable therefore, that the great majority
prefers to work with Solanaceae and only few work with cereals. 
As we miss, apparently, some basic knowledge upon why cereals 
in general are so unresponsive, the cereal in vitro problem 
needs the attetion of as many researchers as ever possible to 
attack this problem from as many angles and levels as possible 
and with as many genotypes as possible. Work with responding 
model plants should try to put more emphasis onto experiments 
which would allow us to find out how the many parameters, which 
influence the sequence of events which leads to the recovery 
of a plant from a protoplast, interfere with, support or re­
gulate this sequence.
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EMBRYOGENESIS AND PLANTLET FORMATION FROM PROTOPLASTS
OF PEARL MILLET (PENNISETUM AMERICANUM)
In d r a  K. V a s i l  and Vimla V a s i l
D epartm ent o f  B otany ,  U n i v e r s i t y  o f  F l o r i d a ,  G a i n e s v i l l e  
F l o r i d a  32611, U.S.A.
ABSTRACT
The c u l t u r e  o f  c e r e a l  p r o t o p l a s t s  has  p ro v ed  t o  be e x t r e m e ly  d i f f i c u l t ,  and 
t h e r e  a r e  no r e p o r t s  o f  em bryo id ,  sh o o t  o r  p l a n t l e t  f o r m a t io n  from c e r e a l  
p r o t o p l a s t s .  C a l l u s  t i s s u e  was o b ta i n e d  from h y p o c o ty l s  o f  young s e e d l i n g s  
o f  p e a r l  m i l l e t  (P en n ise tu m  am er ican u m ). A r a p i d l y  growing c e l l  l i n e  was 
i n i t i a t e d  from t h e s e  c a l l u s  c u l t u r e s  i n  a  l i q u i d  n u t r i e n t  medium in  s u s ­
p e n s io n  c u l t u r e .  P r o t o p l a s t s  i s o l a t e d  from s u s p e n s io n  c u l t u r e  c e l l s  had a 
p l a t i n g  e f f i c i e n c y  o f  15-20%, and gave r i s e  t o  c a l l u s  t i s s u e s  which c o u ld  
be s u b - c u l t u r e d .  A t tem p ts  t o  in d u ce  o r g a n o g e n e s i s  i n  t h e s e  p r o t o p l a s t  - 
d e r i v e d  c a l l u s  c u l t u r e s  have n o t  been  s u c c e s s f u l .  T h e r e f o r e ,  immature 
embryos o f  p e a r l  m i l l e t  were c u l t u r e d  t o  o b t a i n  f r e s h  c a l l u s  t i s s u e s ,  and 
new s u s p e n s io n  c u l t u r e s  were i n i t i a t e d  from them. These s u s p e n s io n  
c u l t u r e s  a r e  em b ry o g en ic ,  and on p l a t i n g  form em b ry o id s ,  s h o o t s ,  r o o t s ,  
and p l a n t l e t s .  P r o t o p l a s t s  i s o l a t e d  from s u s p e n s io n  c u l t u r e s  o f  immature 
embryo c a l l u s  a l s o  r e g e n e r a t e  c e l l  w a l l s  and g iv e  r i s e  t o  c e l l  m asses  a f t e r  
s u s t a i n e d  c e l l  d i v i s i o n s .  Upon t r a n s f e r  t o  a  h o rm o n e - f r e e  medium, p l a n t -  
l e t s  a r e  formed th r o u g h  t h e  p r o c e s s  o f  so m a t ic  e m b r y o g e n e s i s . T h is  f i r s t  
d e m o n s t r a t i o n  o f  p l a n t l e t  f o r m a t io n  from c e r e a l  p r o t o p l a s t s  sh o u ld  
e n co u rag e  s i m i l a r  e f f o r t s  i n  o t h e r  c e r e a l  s p e c i e s .
INTRODUCTION
The p o t e n t i a l  o f  p l a n t  p r o t o p l a s t  r e s e a r c h  in  c ro p  improvement and g e n e t i c  
e n g in e e r in g  h a s  been e x t e n s i v e l y  d i s c u s s e d  in  r e c e n t  y e a r s  ( 1 , 2 ) .  A lthough  
r e m a rk a b le  p r o g r e s s  has  in d eed  been made i n  t h e  u se  o f  t h i s  t e c h n o lo g y  to  
o b t a i n  so m a t ic  h y b r id  p l a n t s  in  some c a s e s  ( 3 , 4 , 5 , 6 ) ,  th e  f a c t  rem a in s  t h a t  
such  s u c c e s s  i s  s t i l l  l i m i t e d  t o  model p l a n t  sy s tem s  l i k e  D a t u r a , D aucus , 
N i c o t i a n a , P e t u n i a , e t c . ,  and in  most o f  t h e s e  c a s e s  se x u a l  h y b r i d i z a t i o n  
i s  known t o  o c c u r .  The t e c h n i q u e s  o f  so m a t ic  h y b r i d i z a t i o n  by p r o t o p l a s t  
f u s i o n ,  and t h e  p o s s i b i l i t y  o f  g e n e t i c  m o d i f i c a t i o n  by t h e  in d u ced  u p ta k e  
o f  c e l l  o r g a n e l l e s ,  p l a s m i d s ,  DNA, e t c . ,  can  n o t  y e t  be a p p l i e d  t o  c e r e a l s  
and legumes - t h e  two most im p o r t a n t  g ro u p s  o f  p l a n t s  f o r  man and h i s  
d o m e s t i c a te d  a n im a ls  - b e c a u se  even t h e  b a s i c  t e c h n i q u e s  f o r  t h e  c u l t u r e  
o f  t h e i r  p r o t o p l a s t s  a r e  n o t  c u r r e n t l y  a v a i l a b l e .  The c u l t u r e  o f  c e r e a l  
p r o t o p l a s t s  h a s  p roved  t o  be p a r t i c u l a r l y  d i f f i c u l t ,  a s  shown by th e  
fo l lo w in g  two r e p o r t s :
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" I n t e n s i v e  e f f o r t s  t o  e x p lo r e  t h e  c o n d i t i o n s  which in d u c e  s u s t a i n e d  
c e l l u l a r  d i v i s i o n s  i n  c e r e a l  l e a f  p r o t o p l a s t s  have  been  made. A l ­
th o u g h  a b o u t  8 0 ,0 0 0  v a r i a t i o n s  i n  c u l t u r e  media c o m p o s i t io n s  and in  
p l a n t  m a t e r i a l  have been t e s t e d ,  t h e s e  c o n d i t i o n s  have n o t  y e t  been 
fo u n d "  (7 ) .
G a l s to n  and h i s  c o l l e a g u e s  (8) have " s u rv e y e d  th o u s a n d s  o f  com b in a ­
t i o n s  o f  b a s i c  n u t r i e n t  m ed ia ,  c o n c e n t r a t i o n s  o f  a u x i n s ,  c y t o k i n i n s ,  
p o ly a m in e s ,  and o t h e r  g row th  r e g u l a t i n g  s u b s t a n c e s  i n c l u d i n g  c o co n u t  
m i lk ,  c a s e i n  h y d r o l y s a t e ,  y e a s t  e x t r a c t  and p o t a t o  e x t r a c t .  We have 
combined t h i s  b a s i c  n u t r i t i o n a l  g r i d  w i th  v a r i a t i o n s  i n  t e m p e r a t u r e  
and l i g h t  t r e a t m e n t  o f  t h e  d o n o r  p l a n t ,  d i f f e r e n t  o rg a n s  a s  s o u r c e s  
o f  t h e  p r o t o p l a s t s ,  o s m o l a r i t y  o f  t h e  h y p e r t o n i c  medium u se d  f o r  
p r o t o p l a s t  i s o l a t i o n ,  n a t u r e  o f  t h e  osm oticum , c o n c e n t r a t i o n  o f  enzyme, 
d u r a t i o n  o f  enzyme a c t i o n ,  and pH and t e m p e r a t u r e  d u r i n g  c e l l  w a l l  
d i g e s t i o n  i n  p r o t o p l a s t  i s o l a t i o n .  A l t o g e t h e r ,  a lm o s t  2 0 ,000  
v a r i a t i o n s  i n  t r e a t m e n t  have been em p lo y ed ."  No s u s t a i n e d  c e l l  d i v ­
i s i o n s ,  c a l l u s  f o r m a t i o n  o r  o r g a n o g e n e s i s  was o b ta i n e d  in  t h e s e  
a t t e m p t s  w i th  Avena s a t i v a  (o a t )  p r o t o p l a s t s .
MATERIAL AND METHODS
P r o t o p l a s t s  from S u s p e n s io n  C u l t u r e s  D e r iv ed  from H y p o c o ty ls  o f  M ature  
S eeds  - S eeds  o f  p e a r l  m i l l e t  (P en n ise tu m  americanum (L .)  K. Schum, v a r .  
Gahi 3 ,  o b t a i n e d  from Dr. G. W. B u r to n ,  T i f t o n ,  G a.)  were g e rm in a te d  
a s e p t i c a l l y  on 1% a g a r ,  and h y p o c o ty l s  from 3 - d a y - o ld  s e e d l i n g s  w ere t r a n s ­
f e r r e d  t o  a n u t r i e n t  medium (9) c o n t a i n i n g  0 .2 5  mg/1 2 , 4 - d i c h lo r o p h e n o x y -  
a c e t i c  a c i d  ( 2 , 4 - D ) ,  1 mg/1 n a p h t h a l e n e a c e t i c  a c i d ,  and 0 .01  mg/1 k i n e t i n ,  
and in c u b a t e d  in  t h e  d a rk  a t  27°C. A p a l e  w h i te  and s o f t  c a l l u s  was p r o ­
duced w i t h i n  2 w eeks. T h is  c a l l u s  was s u b - c u l t u r e d  e v e ry  4 weeks f o r  
a b o u t  8 m onths. The c a l l u s  was th e n  p l a c e d  in  50 ml o f  l i q u i d  medium in  
250 ml E r len m ey e r  f l a s k s  on a g y r o t o r y  s h a k e r  a t  150 rpm i n  t h e  d a r k .
T h is  p r o v id e d  a f a s t  g row ing  and h i g h l y  f r i a b l e  s u s p e n s io n  c u l t u r e ,  which 
was s u b c u l t u r e d  e v e ry  4 d ay s  and s e r v e d  a s  t h e  s o u r c e  o f  p r o t o p l a s t s .
T h is  c e l l  l i n e  does  n o t  show any o r g a n i z a t i o n  o r  d i f f e r e n t i a t i o n  i n t o  
m e r i s t e m s ,  m e r i s t e m o i d s , e t c .
For  t h e  i s o l a t i o n  o f  p r o t o p l a s t s ,  c e l l s  were c o l l e c t e d  from a  3 -d ay  o ld  
s u s p e n s io n  c u l t u r e  on a 100 ym s t a i n l e s s  s t e e l  f i l t e r .  A p p ro x im a te ly  500- 
600 mg o f  t h e  f r e s h l y  d r a i n e d  c e l l s  were added t o  10 ml o f  a  f i l t e r  s t e r ­
i l i z e d  p r o t o p l a s t  i s o l a t i o n  s o l u t i o n  (4% C e l l u l y s i n ,  2% Macerozyme, 1% 
D r i s e l a s e ,  1% Rhozyme, 0.4M s u c r o s e ,  p r e p a r e d  in  t h e  l i q u i d  n u t r i e n t  
medium, pH 5 . 8 ) ,  and in c u b a t e d  i n  t h e  d a r k  a t  14°C f o r  19 h r ,  f o l lo w e d  by 
2 h r  i n  a  s h a k e r  b a t h  a t  30°C. The p r o t o p l a s t s  were s e p a r a t e d  from u n ­
d i g e s t e d  c e l l u l a r  m a t e r i a l  by f i l t r a t i o n  t h r o u g h  a  100 ym s t a i n l e s s  s t e e l  
f i l t e r ,  f o l lo w e d  by c e n t r i f u g a t i o n  a t  125 x g f o r  4 min. The p r o t o p l a s t s  
which f l o a t e d  t o  t h e  to p  o f  t h e  c e n t r i f u g e  tu b e  were c o l l e c t e d  and washed 
t h r e e  t im e s  w i th  f r e s h  medium, and c u l t u r e d  e i t h e r  i n  l i q u i d  d r o p l e t s  o r  
mixed w i th  an e q u a l  volume o f  medium c o n t a i n i n g  1.2% a g a r  a t  45°C and 
o v e r l a i d  on a g a r  n u t r i e n t  medium in  F a lco n  P e t r i  d i s h e s ,  w i th  a f i n a l
4 5p l a t i n g  e f f i c i e n c y  o f  10 -1 0  /m l .  The c u l t u r e s  were in c u b a t e d  i n  d i f f u s e  
l i g h t  in  a  g row th  chamber a t  27°C, w i th  a 16 /8  h r  d a y / n i g h t  c y c l e .  The 
n u t r i e n t  medium u se d  f o r  t h e  w ash ing  and c u l t u r e  o f  p r o t o p l a s t s  was t h e  
same a s  t h a t  f o r  s u s p e n s io n  c u l t u r e ,  w i th  0.4M s u c r o s e  and 250 mg/1 
g l u c o s e .
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P r o t o p l a s t s  from S u sp e n s io n  C u l t u r e s  D e r iv ed  from Immature Embryos - 
Immature embryos o f  p e a r l  m i l l e t ,  i s o l a t e d  15-20  d ay s  a f t e r  p o l l i n a t i o n ,  
were grown on a medium (9) su p p lem en ted  w i th  2 .5  mg/1 2 ,4 -D  and 5% co c o n u t  
m i lk .  The r e s u l t i n g  c a l l u s  t i s s u e  was p l a c e d  i n  l i q u i d  medium t o  i n i t i a t e  
s u s p e n s io n  c u l t u r e s .  The l a t t e r  w ere s u b - c u l t u r e d  e v e ry  5 -6  d ay s  i n  35 ml 
o f  t h e  medium i n  250 ml E r len m ey er  f l a s k s  on a g y r o t o r y  s h a k e r  a t  150 rpm 
i n  t h e  d a rk  a t  27°C. P r o t o p l a s t s  w ere i s o l a t e d  by m ix in g  10 ml o f  a  4 -5  
day  o ld  s u s p e n s io n  c u l t u r e  w i th  60 ml o f  a f i l t e r  s t e r i l i z e d  enzyme m ix­
t u r e  (2% C e l l u l y s i n ,  1% Macerozyme, 0.5% D r i s e l a s e ,  0.5% Rhozyme, 0.25M 
s o r b i t o l ,  0.25M m a n n i t o l ,  250 mg/1 g l u c o s e ,  3mM MES b u f f e r ,  p r e p a r e d  in  
h o rm o n e - f r e e  medium a t  pH 5 . 6 ) ,  in c u b a t e d  f o r  1 h r  a t  room t e m p e r a t u r e ,  
f o l lo w e d  by 19 h r  a t  14°C i n  t h e  d a r k .  The p r o t o p l a s t / e n z y m e  m i x tu r e  was 
f i l t e r e d  th r o u g h  a  l a y e r  o f  M i r a c l o t h ,  and th r o u g h  100 and 50 pm s t a i n l e s s  
s t e e l  f i l t e r s  t o  remove u n d i g e s t e d  c e l l s  and o t h e r  c e l l u l a r  d e b r i s .  P r o t o ­
p l a s t s  w ere  c o l l e c t e d  and washed t h r e e  t im e s  w i th  f r e s h  n u t r i e n t  medium 
by low sp eed  c e n t r i f u g a t i o n  (100 x g f o r  3 m i n . ) . At t h e  end o f  each  
c e n t r i f u g a t i o n  c y c l e  t h e  p r o t o p l a s t s  w hich  were f l o a t i n g  a t  t h e  to p  o f  t h e  
n u t r i e n t  medium and t h o s e  w hich had p e l l e t e d  w ere c o l l e c t e d  and  mixed.
A f t e r  th e  f i n a l  wash, t h e  f l o a t i n g  and p e l l e t i n g  p r o t o p l a s t s  were e i t h e r  
mixed and c u l t u r e d  t o g e t h e r ,  o r  s e p a r a t e l y .  P r o t o p l a s t s  w ere  c u l t u r e d  i n  
l i q u i d  d r o p l e t s  (0 .2 5  t o  0 .3  ml) o r  i n  v e r y  t h i n  l a y e r s  o f  n u t r i e n t  medium
in  F a lc o n  P e t r i  d i s h e s  (35 x 10 mm), a t  a d e n s i t y  o f  2 x 10^ o r  lO 'Vml.
The P e t r i  d i s h e s  w ere s e a l e d  w i th  P a r a f i l m ,  i n c u b a t e d  i n  d i f f u s e d  l i g h t  
i n  a  g row th  chamber a t  27°C, w i th  a 16 /8  h r  d a y / n i g h t  c y c l e .  Kao and 
M ic h a y lu k 's  (10) n u t r i e n t  medium was u se d  f o r  t h e  w ash ing  and c u l t u r e  o f  
p r o t o p l a s t s ,  w i th o u t  t h e  f r e e  amino a c i d s ,  n u c l e i c  a c i d  b a s e s ,  r i b o f l a v i n ,  
and v i t a m i n  B ^ ,  b u t  c o n t a i n i n g  0.4M g lu c o s e ,  1250 mg/1 s u c r o s e ,  2 ,4 -D  
and ben zy lam in o  p u r i n e  (BAP). F re s h  medium w i th  0.2M g lu c o s e  and 2% 
s u c r o s e  was added  in  d ro p s  a f t e r  15- t o  2 0 - c e l l e d  c o l o n i e s  had been  formed. 
F i n a l l y ,  f r e s h  medium w i th  1% g lu c o s e  and 2% s u c r o s e  was a d d ed ,  and a f t e r  
4 -5  weeks t h e  r e s u l t i n g  c e l l  m asses  were t r a n s f e r r e d  t o  t h e  same medium 
s o l i d i f i e d  w i th  0.8% a g a r .
RESULTS
C u l t u r e  o f  P r o t o p l a s t s  O b ta in e d  from S u sp e n s io n  C u l t u r e s  D e r iv ed  from 
H y p o c o ty ls  o f  M ature  S eeds  - F r e s h l y  i s o l a t e d  p r o t o p l a s t s  a r e  s p h e r i c a l  
b u t  a l l  t h e  c e l l u l a r  c o n t e n t s  a r e  clumped t o g e t h e r  i n  t h e  c e n t e r  o f  t h e  
p r o t o p l a s t  o r  p u sh ed  a g a i n s t  t h e  plasmalemma. W ith in  a  few h o u rs  a f t e r  
c u l t u r e ,  t h e  c y to p la sm  becomes e v e n ly  d i s t r i b u t e d ,  t h e  n u c l e u s  o c c u p ie s  a 
c e n t r a l  p o s i t i o n ,  and numerous c y to p l a s m ic  s t r a n d s  and s t r e a m in g  become 
v i s i b l e .  The p r o t o p l a s t s  become o v a l  t o  eg g -sh ap ed  w i t h i n  48 h r  i n d i c a t ­
in g  t h e  f o r m a t i o n  o f  a c e l l  w a l l ,  and th e  f i r s t  d i v i s i o n  o f  t h e  new ly 
r e c o n s t i t u t e d  c e l l  t a k e s  p l a c e  a f t e r  4 -5  d a y s .  W ith in  t h e  f i r s t  week o f  
c u l t u r e ,  15-20% o f  t h e  p r o t o p l a s t s  d i v i d e .  W ith in  two weeks c o l o n i e s  o f  
25-30  c e l l s  a r e  fo rm ed . A p p ro x im a te ly  15% o f  t h e  p l a t e d  p r o t o p l a s t s  g iv e  
r i s e  t o  c e l l  c o l o n i e s ,  s e v e r a l  o f  w hich  a t t a i n  a s i z e  o f  1-2 mm in  
d i a m e te r  w i t h i n  4 weeks (1 1 ) .  T hese  c o l o n i e s  a r e  t h e n  t r a n s f e r r e d  t o  
f r e s h  n u t r i e n t  m edia w i th  a  lo w er  osm oticum , and f i n a l l y  t o  a  r e g u l a r  
medium f o r  c o n t in u e d  c a l l u s  g ro w th .  Our a t t e m p t s  t o  in d u c e  o rg a n o g e n e s i s  
i n  t h e s e  p r o t o p l a s t - d e r i v e d  c a l l u s  t i s s u e s  have so f a r  n o t  been  s u c c e s s ­
f u l .
C u l t u r e  o f  P r o t o p l a s t s  O b ta in e d  from S u sp e n s io n  C u l t u r e s  D e r iv ed  from 
Immature Embryos - The em bryogenic  s u s p e n s io n  c u l t u r e s  a r e  co m p r ised  o f
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two d i s t i n c t  t y p e s  o f  c e l l s :  one l a r g e  and h i g h l y  v a c u o l a t e d ,  and t h e  
o t h e r  sm a ll  and d e n s e ly  c y to p la s m ic .  The v a c u o la t e d  c e l l s  a r e  t h e  f i r s t  
t o  form p r o t o p l a s t s ,  which f l o a t  t o  t h e  s u r f a c e  o f  t h e  enzyme s o l u t i o n .
The v a c u o la t e d  p r o t o p l a s t s  r e g e n e r a t e  a c e l l  w a l l  b u t  were n e v e r  seen  t o  
d i v i d e  u n d e r  t h e  c o n d i t i o n s  o f  c u l t u r e  u sed  in  o u r  e x p e r im e n t s .  The r i c h ­
l y  c y to p la s m ic  and n o n - v a c u o la te d  p r o t o p l a s t s  a lw ays  p e l l e t  d u r in g  c e n ­
t r i f u g a t i o n .  T hese  p r o t o p l a s t s ,  which a r e  d e r i v e d  from em bryogenic  c e l l s  
in  s u s p e n s io n  c u l t u r e s ,  r e g e n e r a t e  c e l l  w a l l s  and form 15- t o  2 0 - c e l l e d  
c o l o n i e s  w i t h i n  2 weeks a f t e r  i s o l a t i o n  and c u l t u r e .  The p r o t o p l a s t -  
d e r i v e d  c e l l  m asses  a r e  so t i g h t l y  packed  w i th  sm a l l  and r i c h l y  c y t o p l a s ­
mic c e l l s  w i th  t h i n  w a l l s  t h a t  o f t e n  i t  i s  d i f f i c u l t  t o  i d e n t i f y  th e  
b o u n d a r i e s  o f  i n d i v i d u a l  c e l l s .  F u r t h e r  c e l l  d i v i s i o n s  fo l lo w  in  r a p i d  
s u c c e s s i o n ,  w i th o u t  s i g n i f i c a n t  c e l l  e n la r g e m e n t ,  r e s u l t i n g  i n  t h e  fo rm a­
t i o n  o f  c e l l  m asses  which a r e  r e m i n i s c e n t  o f  t h e  e a r l y  s t a g e s  o f  embryo- 
g e n e s i s  (12) .
The h i g h e s t  p l a t i n g  e f f i c i e n c y  o b ta i n e d  by u s  i n  t h e  c u l t u r e  o f  embryo­
g e n ic  p r o t o p l a s t s  was 3^ -4% when 1 mg/1 each  o f  2 ,4 -D  and BAP were added to  
t h e  n u t r i e n t  medium, but- such  c u l t u r e s  showed t h e  f o r m a t io n  o f  p o ly p h e n o ls  
which p ro v ed  t o  be d e t r i m e n t a l  f o r  f u r t h e r  g ro w th .  No p o ly p h e n o l s  were 
formed when o n ly  2 ,4 -D  (2 ,5  mg/1) was u s e d ,  b u t  t h e  p l a t i n g  e f f i c i e n c y  was 
red u ced  t o  l-2Jfc ,(12) .
C e l l  m asses d e r i v e d  from em bryogenic  p r o t o p l a s t s  were t r a n s f e r r e d  t o  f r e s h  
n u t r i e n t  medium f o r  c o n t in u e d  grow th a f t e r  th e y  had a t t a i n e d  a  s i z e  o f  
1-2 mm. The t r a n s f e r  o f  c e l l  m asses  from t h e  l i q u i d  n u t r i e n t  medium t o  an 
a g a r  medium w i th o u t  any grow th  s u b s ta n c e s  r e s u l t e d  i n  t h e  grow th  o f  c e l l s  
i n  t i g h t  and d i s c r e t e  g ro u p s ,  and f i n a l l y  l e d  t o  t h e  f o r m a t io n  o f  embry- 
o id s  and p l a n t l e t s  w i th  s h o o t s  and r o o t s  w i th i n  4 -5  weeks. The em bryoids  
lo o k  l i k e  m onocoty ledonous embryos, showing a d i s t i n c t  s c u t e l l u m  e n v e lo p ­
in g  an embryonal a x i s .  The s c u t e l l a r  c e l l s  o f t e n  p r o l i f e r a t e  r e s u l t i n g  
in  t h e  fo r m a t io n  o f  se c o n d a ry  em bryoids  and p l a n t l e t s  (1 2 ) .
DISCUSSION
Our r e s u l t s  d e m o n s t r a t e  t h a t  c e r e a l  p r o t o p l a s t s ,  l i k e  t h e  p r o t o p l a s t s  o f  
many o t h e r  h e rb a c e o u s  d ic o t y le d o n o u s  s p e c i e s ,  a r e  t o t i p o t e n t  and embryo­
g e n i c ,  and w i l l  g iv e  r i s e  t o - p l a n t l e t s  u n d e r  s u i t a b l e  c o n d i t i o n s  o f  i s o l a ­
t i o n  and c u l t u r e .  The f a c t  t h a t  p e a r l  m i l l e t  p r o t o p l a s t s  form p l a n t l e t s  
th r o u g h  t h e  p r o c e s s  o f  so m a t ic  em bryogenesi s , and n o t  a f t e r  e x t e n s i v e  
c a l l u s  g ro w th ,  i s  o f  added ad v a n ta g e  and s i g n i f i c a n c e  i n  t h e  r e c o v e r y  o f  
norm al p l a n t s .  T h is  f i r s t  d e m o n s t r a t io n  o f  t o t i p o t e n c y  o f  c e r e a l  p r o t o ­
p l a s t s  sh o u ld  en co u rag e  f u r t h e r  v ig o r o u s  e f f o r t s  w i th  o t h e r  c e r e a l  s p e c i e s ,  
so t h a t  so m a t ic  h y b r i d i z a t i o n  and g e n e t i c  m o d i f i c a t i o n  t e c h n o lo g y  can  be 
a d o p te d  f o r  t h e  im provement o f  c e r e a l  c r o p s .
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DIVISION OF CELLS REGENERATED FROM MESOPHYLL PROTOPLASTS
OF WHEAT (TRITICUM AESTIPUM L . )
INTRODUCTION
Plant  p r o t o p l a s t s  o f f e r  an important  b i o l o g i c a l  too l  for  funda­
mental  p h y s i o l o g i c a l  and biochemi cal  s t u d i e s  as we l l  as f or  
pl ant  breedi ng  ( 1 , 2 ) ,  During the l a s t  decade ,  p l ant s  have been 
regenerat ed  from i s o l a t e d  p r o t o p l a s t s  of  a number of  p l ant  s p e ­
c i e s  ( 2 - 4 ) .  Regenerat i on o f  p l a n t s  from ce rea l  p r o t o p l a s t s  has 
not been s u c c e s s f u l  in s p i t e  of  the e f f o r t s  of  s eve ra l  l a b o r a ­
t o r i e s .  F a i l ur e  to re g e n e r a t e  ce rea l  p r o t o p l a s t s  has hampered 
the a p p l i c a t i o n  o f  p r o t o p l a s t  t e chno l ogy  in p r a c t i c a l  p l ant  
breedi ng programmes.  However,  r e c e n t l y  c e l l  c l u s t e r s  (even  
c a l l u s  t i s s u e s )  have been obta i ned from p r o t o p l a s t s  i s o l a t e d  
from c u l t u r e d  t i s s u e s  of  c e r e a l s  ( e . g .  corn,  r i c e ,  b a r l e y ,  
sorghum,  Tn.itic.um monococcum and sugar cane)  ( 5 - 9 ) ,  P r o t o p l a s t s  
i s o l a t e d  from d i f f e r e n t i a t e d  stem t i s s u e  of  corn and r i c e ,  
have a l s o  been shown to  form c e l l  w a l l s .  The d i v i s i o n  of  t he s e  
c e l l s ,  however,  r e s u l t e d  in the formation o f  non-morphogenet i c  
c u l t u r e s .  Sus t a i ned d i v i s i o n  of  ce rea l  p r o t o p l a s t s  i s o l a t e d  
from l e a f  mesophyl l  t i s s u e  has never been obs erve d ,  al though  
m i t o t i c  d i v i s i o n  of  the regenerat ed  c e l l s  has been reported in 
a few cas e s  ( 1 0 - 1 2 ) .  The r e f o re ,  i t  has been que s t i one d  as to 
whether the cerea l  p r o t o p l a s t s  i s o l a t e d  from l e a f  mesophyl l  
t i s s u e  are t o t i p o t e n t  at  a l l .  In the pres e nt  paper we report  
the d i v i s i o n  of  c e l l s  r egenerat ed  from mesophyl l  p r o t o p l a s t s  of  
wheat .
MATERIALS AND METHODS
Seeds of  Tf i i t i c u m  a c i t i v u m  cv.  Cheungan 1 were s u r f a c e  s t e r i l ­
i zed  and germinated in a sand c u l t u r e  at  22-24°C in the dark.  
The f i r s t  l e a v e s  of  4 to 6 - d a y - o l d  e t i o l a t e d  s e e d l i n g s  were 
used for the i s o l a t i o n  o f  p r o t o p l a s t s .
The l e a v e s  were s u r f a c e - s t e r i 1 i zed by 70 % e t h y l a l c o h o l  and
0.1 % HgCl „ (3 to 4 min) .  The lower epidermis  of  the l e a v e s  was 
removed and the t i s s u e s  were submerged in a medium the compos i ­
t i on  o f  which i s  shown in Table 1. Af t er  i ncubat i on  at  24°C for
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3 h,  the undi ges t ed  mat er i a l  was removed by s i e v i n g  through a 
s t a i n l e s s  s t e e l  net .  The p r o t o p l a s t s  were c o l l e c t e d  by low speed 
c e n t r i f u g a t i o n  (3 min; 500 rpm) and washed four t imes ( s ee  
Tabl e  1 )
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TABLE 1 Comj)os i t i  on of the medium used for p r o t o p l a s t
i sol1at i  on
Di g e s t i o n mi xture^ Washing s o l u t i o n
Cel 1u l a s e 2 1 . 2 % -
CaCl2 -2H20 3 . 5 mM 6. 0  mM
kh2po4 0.7 mM 0. 7  mM
Manni to! 0 . 5 - 0 .6 M 0 . 5 - 0 . 6  M
pH 5.6 5.6
Passed through a membrane f i l t e r  ( 0 . 45  y) be fore  use
2 Product of  Tungfeng Biochemical  Fact ory ,  Shanghai ,  
China.
4 5
The p r o t o p l a s t s  (5x10^ - 1x10 per ml) were i ncubated under s t e ­
r i l e  c o n d i t i o n s  in f l a t  g l a s s  b o t t l e s  (4 cm in diameter)  in a 
s o l i d  or l i q u i d  medium ( s e e  Table 2) .  Before a u t o c l a v i n g ,  the 
pH o f  the medium was adjus t ed  to 5 . 8  wi th 0 . 5  N K0H. Af t er  c u l ­
tur ing for  6 to 12 days ,  one h a l f  o f  the c u l t u r e s  was t r a n s f e r ­
red on the s ur f ac e  of  the same agar medium ( 0. 6  %) cont a i n i ng  
0. 3  M sucrose  i ns t ead  of  another carbon source .  An equal amount 
of  l i qu i d  medium was added to the other h a l f  o f  the c u l t u r e s  
which were then incubated at  25-28°C in the l aboratory  in d i f ­
fuse  d a y l i g h t .
We a l s o  used Potato Medium P5 for c u l t u r i n g  wheat l e a f  p r o t o ­
p l a s t s .  This medium cont a i ns  20 % potato  e x t r a c t  ( 1 3 ) ,  Fe-EDTA 
( 2 7 . 8 - 3 7 . 3  mg/ 1) ,  thiamine-HCl (1 mg/ 1) ,  s ucros e  (15 mM), g l u ­
cose ( 0 . 5  M), and agar (0 . 6  %) at  pH 5 . 6 .  A l t e r n a t i v e l y ,  Potato  
Medium P3 was used,  supplemented with 2,4-D ( 0 . 5  mg/ 1) ,  6 -BA 
( 0 . 5  mg/ 1) ,  and mannitol  ( 0 . 5  M) i ns t ead of  g l u c o s e .  The c u l ­
tures  were incubated at 20-23°C in the dark.  Each experiment  
was repeated 5 t i mes .
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TABLE 2 C u l t u r e  medium f o r  p r o t o p l a s t s
M i n e r a l  s a l t s  (mg/1)  O rg a n i c  c o n s t i t u e n t s  (mg /1 )
NH4 N03 270
KN03 1480
CaCl2 -2H20 900
MgS04 -7H20 800
kh2po4 80
FeS04 -7H20 27. 8
Na2 -EDTA 37. 3
H3 B03 2
MnS04 5
ZnS04 -7H20 1 . 5
KI 0.025
Na2Mo04 -2H20 0 . 10
CuS04 -5H20 0.015
CoC12 -6H20 0.01
mes o- I nos i  to! 100
F o l i c  ac id 0 . 4
Gl yci ne 1 . 4
N i c o t i n i c  acid 4. 0
Thi ami n e • HC1 4 . 0
Pyri  doxi  n e • HC1 0 . 7
Bi o t i n 0 . 04
L-argi  ni ne 50
NAA 1 . 5
6 - BA 0 . 8
Sucrose 0 . 05M
Glucose 0 . 6 - 0 .7 M
Xylose 500
Ribose 500
Agar 0 . 6 % or wi thout
pH 5. 8
In some exper iments  the c u l t u r e  medium was supplemented  
with coconut  milk (5 %) and TIBA ( 0 . 5  mg/1) .
RESULTS
A l a r g e  number of  v i a b l e  p r o t o p l a s t s  were obta i ned from e t i o l a t ­
ed wheat mesophyl l  t i s s u e ,  us ing a s i n g l e  enzyme ( c e l l u l a s e )  
system (Fi g .  1 - 1 ) .  Al l  p r o t o p l a s t s  conta i ned y e l l o w i n g  c h l o r o -  
p l a s t s .  Af t er  i ncubat i on  f or  2 to 3 days ,  the p r o t o p l a s t s ,  i n ­
cubated in a s o l i d  medium ( 1x 105 p r o t o p l a s t s / ml  ) ,  s t a r t e d  to 
e l o n g a t e .  In 6 to 7 days ,  a rearrangement  of  c h l o r o p l a s t s  and 
c y t o k i n e s i s  was a l s o  observed in a number of  p r o t o p l a s t s .  A 
few c e l l s  s t a r t e d  to d i v i d e  ( Fi g .  1 - 2 ) .  The c u l t u r e s  were then 
t r a n s f e r r e d  onto a f r e s h  s o l i d  medium c o n t a i n i n g  s ucros e  i n ­
s t ead of  another carbon s ource .  In about  one month the d e v e l ­
opment of  smal l  c e l l  c l u s t e r s  was observed (Fi g .  1 - 3 ) .
When incubated in a l i q u i d  medium c o n t a i n i n g  0 . 6 - 0 . 7  M g l u c o s e ,  
some of  the p r o t o p l a s t s  s t a r t e d  to en l arge  and to take up an 
oval  shape.  Af t er  6 to 8 days in c u l t u r e ,  30 to 60 % of  the  
s u r v i v i n g  c e l l s  s t a r t e d  to d i v i d e .  C e l l s  wi th c e n t r a l l y  l oca t e d  
n u c l e i ,  in general  did not d i v i d e .  However,  there were excep-
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Fig.  1.  Cel l  d i v i s i o n  in cu l t u r e  of  p r o t o p l a s t s  i s o l a t e d  from 
wheat l e a f  mesophyl l  t i s s u e : l .  Yel lowing p r o t o p l a s t s  
from mesophyl l  c e l l s  of  e t i o Ta t e d  wheat l ea v e s .  2.  First  
d i v i s i o n  of  regenerated c e l l s  on a s o l i d  medium.
3. Cel l  c l u s t e r s  formed a f t e r  c u l t u r i n g  the c e l l s  for  
T5 days on a s o l i d  medium. 4,  S t a r t  of  c e l l  d i v i s i o n  in 
a l i q u i d  medium. 5.  F i r s t  d i v i s i o n  of  regenerat ed  c e l l s  
a f t e r  c u l t u r i n g  for  7 days in a l i q u i d  medium. 6^ . Cel l  
c l u s t e r  produced a f t e r  t r a n s f e r  of  the ce l l s  to the same 
s o l i d  medium c o n t a i n i n g ,  however,  0 . 3  M s u c r o s e .
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t i o n s ,  a few o f  which are shown in F i g s . 1-4 and 5) .
When the c u l t u r e s  incubated for  3 days were t r a n s f e r r e d  i n t o  a 
l i q u i d  medium c o n t a i n i n g  0 . 3  M s u c r o s e ,  a l arge  number of  pro­
t o p l a s t s  died wi t h i n  24 h. This i n d i c a t e s  t ha t  not  a l l  p r o t o ­
p l a s t s  formed new c e l l  w a l l s  during t h i s  per i od .  When, however,  
the t r a n s f e r  took p l a c e  a f t e r  c u l t u r i n g  the p r o t o p l a s t s  f or  6 
to 12 days ,  e s s e n t i a l l y  a l l  p r o t o p l a s t s  had a l ready  regenerat ed  
c e l l  w a l l s  and in a few more days some c e l l  c l u s t e r s  developed  
( F i g .  1 - 6 ) .
On pot a t o  s o l i d  medium P3 and P5,  the major part  o f  the p r o t o ­
p l a s t s  underwent s w e l l i n g ,  took on an oval  shape ,  and r e g e n e r a t ­
ed c e l l  w a l l s  w i t h i n  3 to 4 days .  The f i r s t  t y p i c a l  c e l l  d i v i ­
s i o ns  were observed a f t e r  6 to 8 days ( F i g s .  2-2 and 3 ) .  Some 
of  the re generat ed  c e l l s  underwent a second d i v i s i o n  as wel l  
(F i g .  2 - 4 ) .  Bigger c e l l  c l u s t e r s ,  however,  were not  ob t a i ne d .
The a c t i v e  i n g r e d i e n t s  o f  the potato  media w i l l  have to be 
i d e n t i f i e d  and the b e s t  c u l t u r a l  c o n d i t i o n s  e s t a b l i s h e d .
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Fig.  2. D i v i s i o n  o f  c e l l s  regenerat ed  from l e a f  mesophyl l  pro­
t o p l a s t  of  wheat on potato  s o l i d  medium: 1. Expansion 
of  p r o t o p l a s t s  a f t e r  c u l t u r i n g  for  36 h. 7.  S t a r t  of  
c e l l  d i v i s i o n  a f t e r  4 days .  (3. F i r s t  d i v i s i o n  of  r e ­
generated c e l l s  a f t e r  8 days .  _4. Second d i v i s i o n  of  
regenerat ed  c e l l s  a f t e r  11 days in c u l t u r e  
( Ma g ni f i c a t i o n  480 x ) .
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In s p i t e  of  the modest  r e s u l t s  a c h i e v e d ,  c e r e a l  p r o t o p l a s t s  con­
t i n ue  to a t t r a c t  i n t e r e s t .  Much a t t e n t i o n  has been devoted to 
the opt imal  c o n d i t i o n s  of  c u l t u r i n g  Cereal  p r o t o p l a s t s  and a 
high number of  data accumulated ( . 5 , 6) .  These might prove to be 
us e f u l  in the f u t ur e  but they did not s o l v e  the problem.
In the pres e nt  paper a new approach i s  d e s c r i b e d .  We have found 
t ha t  budding and f r agmentat i on  of  the p r o t o p l a s t s  ( s u b - p r o t o ­
p l a s t  f ormat i on)  takes  p l ac e  i f  a low osmot i c  medium ( 0 . 4  M) i s  
used.  The s w e l l i n g  of  the p r o t o p l a s t s  can be reduced by i n c r e a s ­
ing the mo l a r i t y  of  the  osmoticum.  Under t h e s e  c o n d i t i o n s ,  there  
i s  enough time f or  the r e g e n e r a t i o n  of  the c e l l  wal l  and p r o t o ­
p l a s t  f ragmentat i on  becomes n e g l i g i b l e .  A c o r r e c t  balance  of  
growth s ubs t ance s  ( s y n t h e t i c  auxins  and phytohormones)  might be 
c r u c i a l  in t h i s  r e s p e c t .  The a d d i t i o n  of  coconut  mi l k ,  however,  
does not seem to be n e c e s s a r y .  The s l owi ng  down o f  s w e l l i n g  i s  
b e n e f i c i a l  for  the d i v i s i o n  of  r egenerat ed  c e l l s  as w e l l .  The 
e l o n g a t i o n  of  p r o t o p l a s t s  i s  not n e c e s s a r i l y  an i n d i c a t i o n  of  
new c e l l  wal l  format i on .  Under the c o n d i t i o n s  a p p l i e d ,  c y t o k i n e ­
s i s  was found to be a common phenomenon but i t  was not n e c e s s a ­
r i l y  f o l l o we d  by or a s s o c i a t e d  wi th the d i v i s i o n  of  n u c l e i .  
Nuclear d i v i s i o n  appears to be governed by a number of  f a c t o r s  
i nc l u d i n g  the i o n i c  m i l i e u ,  the c e l l  c y c l e ,  and the amount of  
DNA s y n t h e t i s e d .  The i n c r e a s e  in CaC12 and KNO3 c o n c e n t r a t i o n s  
h i g h l y  promoted the d i v i s i o n  of  corn and s ugar-cane  p r o t o p l a s t s  
( 6 ) .
The optimal  c o n d i t i o n s  nece s s ary  f or  the s u s t a i n e d  d i v i s i o n  of  
ce r e a l  p r o t o p l a s t s  have not y e t  been found.  We were unable to 
obt a i n  s u s t a i n e d  d i v i s i o n  i f  the p r o t o p l a s t s  were cu l t u r e d  in a 
t h i n  l a y er  of  l i q u i d  medium. However,  c e l l  c l u s t e r s  were r e a d i l y  
formed i f  the p r o t o p l a s t s ,  a f t e r  10 to 12 days in a l i q u i d  c u l ­
t u r e ,  were t r a n s f e r r e d  to a s o l i d  medium. According to Eriksson
(14)  the p r o t o p l a s t s  immersed in a l i q u i d  medium may produce  
e t h y l e n e  and t h i s  can l ead to an i n h i b i t i o n  of  c e l l  d i v i s i o n .
Our r e s u l t s  i n d i c a t e  t ha t  wheat and bar l ey  p r o t o p l a s t s  should  
be c u l t u r e d ,  at  l e a s t  in the i n i t i a l  period,  in dim l i g h t .  Tobac­
co mesophyl l  p r o t o p l a s t s  r equi re  more i n t e n s e  i l l u m i n a t i o n .  
Barley protop 1 a s t s , i f  exposed to 1 000 1 ux ( f 1u o res c ent  l i g h t ) ,  
s u f f e r  s e r i o u s  damage and t h e i r  c u l t u r e  medium e x h i b i t s  brown 
d i s c o l o r a t i o n .  The p r o t o p l a s t s  obta i ned from e t i o l a t e d  wheat  
s e e d l i n g s  are adapted to darkness  or dim l i g h t .  However,  in the  
l a t e r  period of  c u l t u r i n g ,  the l i g h t  i n t e n s i t y  should be i n ­
creased  in t h i s  case  as w e l l .
The re c e nt  progres s  ach i eved  in c u l t u r i n g  cerea l  l e a f  p r o t o ­
p l a s t s  (13)  s u g g e s t s  t h a t  l e a f  mesophyl l  c e l l s  do have a pot en­
t i a l  for  r e g e n e r a t i o n .
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Although much of what is written in this short article may be 
obvious to many and can be found scattered amongst the litera­
ture we feel that the problems in regenerating plants from 
protoplasts are so central to our aims that it is sometimes 
worthwhile to remind ourselves of the barriers which we face 
and which must be overcome if we are to progress.
Plant regeneration and propagation are essential components of 
any attempted crop improvement scheme in culture (e.g. genetic 
modification by mutation, somatic hybridisation or nucleic acid 
transfer). Success in these schemes relies upon manipulation 
at the single cell level. Although substantial progress has 
been made in regenerating plants from complex explant-derived 
cultures of numerous nutritionally important crops there are 
very few cases of plant regeneration from cultures of single 
cell and protoplast origin. Even in cases where this has been 
achieved (for review see 1) other problems such as non-repro­
ducibility and genotypic variation prevent proper application. 
In Brassica napus it is possible to reproducibly induce callus 
colony formation from mesophyll protoplasts of a spontaneous 
amphihaploid strain (2). However, of the thousands of calluses 
produced from the protoplasts, less than 10 ever formed shoots 
or embryos. Further this regeneration was spontaneous and 
could not be controlled by alterations in the culture medium.
In part the problem may be overcome through the use of proto­
plasts from explants other than leaves such as propagating 
stem embryogenic cultures of rapeseed (H.W. Kohlenbach, per­
sonal communication). Similarly, in cereals which are proving 
extremely recalcitrant to protoplast technology, it may 
prove worthwhile to attempt to isolate protoplasts from organs 
or cultures which are known to possess cells capable of for­
ming plants e.g. immature embryos of maize (3) and sorghum (4), 
cultured roots of rye (5), developing inflorescences of wheat 
(6), maize (P. Gordon, personal communication) and sorghum 
(Brettell and Thomas, in preparation) or cultures derived from 
these sources. The potential of this latter approach is clearly
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shown by the very recent results of Vasil and Vasil (personal 
communication). It was possible to isolate protoplasts from 
suspension cultures of Pennisetum americanum and to regenerate 
plants via embryogenesis from the protoplasts. The suspensions 
were derived from cultures of immature embryo origin. Other 
obvious ways to attempt to solve current problems include 
(i) improving protoplast isolation techniques including enzyme 
technology, (ii) screening of different media to determine the 
conditions inducive or permissive of expression of morphogene­
tic potential, (iii) searching for new endogenous or synthetic 
phytohormones or anti-phytohormones and (iv) altering the en­
vironment under which donor plants are grown including the use 
of sterile shoot cultures and the preculture of plant organs 
before protoplast isolation. The use of many of these ap­
proaches may require the development of techniques for hand­
ling smaller numbers of protoplasts than would be available 
from mesophyll tissue and for purifying populations of proto­
plasts in which the individual units may be of widely dif­
ferent buoyant density. Examples of such techniques are the 
microdrop array technique (7), the multidish (8) and density 
centrifugation (8,9).
Why do only very few of the protoplast-derived colonies of ha­
ploid rapeseed give rise to plants? Why do mesophyll proto­
plasts of several legumes form callus which fail to form 
plants? Why do mesophyll protoplasts of cereals refuse even 
to divide? At this stage in development of the field there is 
certainly little evidence to suggest that all living cells 
are totipotent. In 1969 Halperin (10) raised the intriguing 
question of whether structures formed in plant tissue cul­
tures may originate only from a limited number of cell types 
which are present in the plant and which are carried over into 
cell culture during callus initiation. One could extend this 
view and suggest that although in a particular tissue all 
cells appear morphologically alike there may be only some 
cells which are genetically or physiologically able to form 
plants (the term genetically includes both nuclear and cyto­
plasmic genetic material). Some cells in the intact plant 
may be incapable of division even upon isolation. Other cells 
though capable of division and thus of forming a cell culture, 
may retain certain differentiated functions which restrict 
their morphogenetic potential. Similar concepts are invoked 
by postulating that during the course of evolution certain 
cells in certain tissues of certain species have become so 
highly specialised that it may never be possible to obtain 
plants from the cells. Alternatively, all living cells may 
be potentially able to form a complete new organism but we 
do not yet know how to permit this property to express itself. 
In reality the problems we face are probably a result of in­
teractions of all the above-mentioned phenomena.
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Most workers in this field tend to permit the formation of a 
large callus colony before attempting to obtain shoots. Fur­
ther from protoplast to callus colony the phytohormone con­
tent of culture media is seldom changed. However, our recent 
evidence with protoplasts of Hyoscyamus muticus and Nicotiana 
tabacum (Wernicke and Thomas, in preparation) suggests that 
this may lead to a selection of non-morphogenetic cells at 
the expense of morphogenetic ones. The complexity of the 
tissue culture situation is depicted diagrammatically in 
Fig. 1. It has long been postulated that the initiation of 
morphogenesis occurs only once in any particular culture, that 
is during culture isolation. The result is the formation of 
"proembryogenic masses" (11) or "organized aggregates" (12). 
The continued presence of high phytohormone levels in the cul­
ture medium suppresses the full expression of morphogenesis 
but causes a proliferation of the organized structures formed 
during culture initiation. Provided that organized structures 
are present in the culture these will give plantlets (or 
roots 1)) when the external auxin supply is lowered either by 
transference to auxin-free medium or by a natural depletion 
caused by culture growth. However, during the period of mor­
phogenetic suppression by phytohormones there can occur the 
formation and preferential selection of rapidly growing cell 
types apparently lacking morphogenetic ability and if these 
latter cells proliferate faster than the organized structures 
an apparent loss of morphogenetic ability will occur. One 
could extrapolate this concept and propose that the formation 
and preferential selection of cell types apparently lacking 
morphogenetic potential can occur directly from the initial 
explant or the initial protoplast population. Such a pheno­
menon could easily explain the failure to observe shoot forma­
tion from leaf protoplast calluses of legumes and the failure 
to observe shoot formation from most of the protoplast-derived 
calluses of rapeseed. Our observations with H. muticus and
N. tabacum suggest that it is absolutely essential to attempt 
to obtain plantlets from cultures by adjusting the phytohor­
mone levels at as early a stage as possible. If this cannot 
be achieved in all likelihood one can never obtain morpho­
genesis in the cultures.
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Reduction and/or 
omission 
of hormones
___ L_
EXPRESSION OF 
MORPHOGENESIS
6
Fig ■ 1
1 - The isolation procedure (isolation or wound shock) makes
the cells competent to "dedifferentiate" and
2 - to divide under the influence of high hormone levels.
3 - After the first divisions redifferentiation occurs sponta­
neously giving rise to primordia requiring different levels 
of hormones.
4 - When leaving the cells under high hormone levels full ex­
pression of morphogenesis is inhibited but proliferation 
of the primordia occurs.
5 - In cases where this inhibition is very strong fast growing
cell variants adapted to the high hormone levels may be 
eventually selected. The whole culture will lose its mor­
phogenetic potential if the variants are non morphogenic.
6 - Reduction and finally omission of hormones lead to full ex­
pression of morphogenesis (embryos, shoots or roots) de­
termined by endogeneous hormones.
272
PROBLEMS IN PLANT REGENERATION FROM PROTOPLASTS 
REFERENCES
1. E. Thomas, P.J. King and I. Potrykus, Improvement of crop 
plants via single cells in vitro - an assessment, Z. Pflan- 
zenziichtq. 82, 1-30 (1979) .
2. E. Thomas, F. Hoffmann, I. Potrykus and G. Wenzel, Proto­
plast regeneration and stem embryogenesis of haploid andro- 
genetic rape, Molec. gen. Genet. 145, 245-247 (1976).
3. C.E. Green and R.L. Phillips, Plant regeneration from tissue 
cultures of maize. Crop Sei. 15, 417-421 (1975).
4. E. Thomas, P.J. King and I. Potrykus, Shoot and embryo-like 
structure formation from cultured tissues of Sorghum bico­
lor, Naturwissenschaften 64, 587 (1977).
5. G. Wenzel and E. Thomas, Observations on the growth in cul­
ture of anthers of Secale cereale, Z. Pflanzenzüchtg. 72, 
89-94 (1974).
6 . G. Dudits, G.Németh and Zs.Haydu, Study of callus growth 
and organ formation in wheat (Triticum aestivum) tissue 
culture. Can. J. Bot. 53, 957-963 (1975).
7. I. Potrykus, C.T. Harms and H. Lörz, Multiple-drop-array 
(MDA) technique for the large-scale testing of culture 
media variations in hanging microdrop cultures of single 
cell systems. 1. The technique. Plant Sei. Lett. 14,
231-235 (1979).
8 . W. Wernicke, H. Lörz and E. Thomas, Plant regeneration from 
leaf protoplasts of haploid Hyoscyamus muticus L. produced 
via anther culture. Plant Sei. Lett., in press (1979).
9. C.T. Harms and I. Potrykus, Fractionation of plant proto­
plast types by iso-osmotic density gradient centrifugation, 
Theor. Appl, Genet. 53, 57-63 (1978).
10. W. Halperin, Morphogenesis in cell cultures, Ann. Rev. PI. 
Physiol. 20, 395-418 (1969).
11. W. Halperin and W.A. Jensen, Ultrastructural changes during 
growth and embryogenesis in carrot cell cultures, J. Ultra- 
str. Res. 18, 428-443 (1967).
12. E. Thomas, Morphogenesis and alkaloid biosynthesis in cell 
cultures of Atropa belladonna, Ph.D. Thesis, University of 
Leicester (1970).
273

Xiang-hui  Li
ADVANCES IN PLANT PROTOPLAST RESEARCH
IN CHINA
I n s t i t u t e  o f  Genet i cs  
Academia S i n i ca  
B e i j i n g ,  China
INTRODUCTION
Ever s i n c e  the p o t e n t i a l i t y  of  us ing p l ant  p r o t o p l a s t  c u l t u r e s  
in crop improvement was pointed out at  the I n t er na t i o na l  Con­
f erence  on Plant  and Ti ssue  Cul ture for  Crop Improvement,  held  
in I t a l y  in 1969 ( 1 ) ,  much e f f o r t  has been made to regenerat e  
p r o t o p l a s t s  i n t o  i n t a c t  p l a n t s ,  to demonstrate the uptake of  
f o r e i g n  g e n e t i c  mater i al  by p r o t o p l a s t s  and to obtain somatic  
hybrids  by p r o t o p l a s t  f us i o n  ( 2 ) .  The t echni ques  appl i ed for  the  
i s o l a t i o n ,  c u l t u r e  and f us i on  of  p r o t o p l a s t s ,  as wel l  as those  
employed for  the s e l e c t i o n  of  f us i on  produc t s ,  developed rap i d­
ly (.3). I t  became ev i dent  that  p r o t o p l a s t s  provide an e x c e l l e n t  
system for  the s tudy of  somat i c  c e l l  g e n e t i c s ,  g e n e t i c  recombi­
n a t i o n ,  and g e n e t i c  m o d i f i c a t i o n .  In a d d i t i o n ,  p r o t o p l a s t s  were 
found to be useful  in s t u d i e s  on the s t r u c t u r e  and f unc t i on  of  
plant  c e l l  membranes and in p lant  v i r o l o g y .  However,  i t  i s  a 
long way from academic research to p r a c t i c a l  a p p l i c a t i o n .  Prot o­
p l a s t  research in China was i n i t i a t e d  in 1973 ( 4 ) .  Techniques  
have been developed for  the p repa ra t i o n ,  c u l t u r e ,  and g ene t i c  
manipulat ion of  p r o t o p l a s t s  from cerea l  p l a n t s ,  the Leguminosae 
and Solanaceae  ( 5 , 6 ) .  This paper summarizes the r e s u l t s  o f  r e ­
cent  work done in t h i s  f i e l d  in China.
I s o l a t i o n  o f  P r o t o p l a s t s
Although p r o t o p l a s t s  have been i s o l a t e d  from various  t i s s u e s  of  
a number o f  p l ant  s p e c i e s ,  not  a l l  p lants  y i e l d  v i a b l e  protoplasts  
in high numbers.  D i f f i c u l t i e s  encountered in the c u l t u r e  and r e ­
generat i on  of  p r o t o p l a s t s  are even more common. A number of  f a c ­
tors  a f f e c t  the product ion and v i a b i l i t y  of  p r o t o p l a s t s ,  such as 
(a)  the age of  the p l a n t ,  l i g h t  regime,  developmental  s t a g e ,  
p hot ope r i od i c  c o n d i t i o n s ,  t emperature ,  humidi ty;  (b) the composi ­
t i o n  o f  the enzyme s o l u t i o n s ,  co nce nt ra t i o n  of  osmot i c  s t a b i ­
l i z e r s ;  (c )  the durat i on of  p r o t o p l a s t  i s o l a t i o n ,  temperature ,  
i s o l a t i o n  t e c h n i q u e s - e t c .  In t h i s  r e s p e c t ,  there are great  d i f ­
f e rence s  among the various  p l ant s  and t i s s u e .  In China,  p ro t o ­
p l a s t s  are i s o l a t e d  both from mesophyl l  c e l l s  and c a l l u s  t i s s u e s .
275
The ce r e a l  p l a n t s ,  from which p r o t o p l a s t s  have been i s o l a t e d ,  
are 1i s t ed  in Table 1.
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TABLE 1 I s o l a t e d  p r o t o p l a s t s  of  cereal crops
Cel l o r i g i n Yield of  p r o t o p l a s t s  per ml Reference
Ri ce Hap 1 o id c a l l u s 1x 1 06 - 3 . 2x 106 7
Ri ce Shoot t i  p 1 . 3 5 x 1 0 5 - 2 . 4 x l 0 5 8
Wheat Young 1 eaf 1 x 10 5 - 4 x 10 5 5
Bariey Young 1 ea f 5x1 0 5 - 1 x 1 0 6 6
Corn Young 1 eaf large number 9
Rye Young l e a f approach a l 1 1 0
Avena Young 1 eaf l arge number 11
Corn Root t i  p 1 x 1 04 12
Eco l og i ca l  c o n d i t i o n s . In the wide maj or i ty  o f  c a s e s ,  p r o t o ­
p l a s t s  were i s o l a t e d  from the l eaves  of  young (5 to 1 0 - da y - o l d )  
s e e d l i n g s .  The temperature and the l i g h t  regime o f t en  play an 
important  r o l e .  For example,  the p r o t o p l a s t s  i s o l a t e d  from the 
l e a v e s  of  bar l ey  s e e d l i n g s  grown at  28°C under l ong-day c o n d i ­
t i o n s  were found to have l arge  vacuoles and a very f r a g i l e  p l a s ­
ma membrane. In c o n t r a s t ,  the p r o t o p l a s t s  obtai ned from plant s  
grown at  20°C,  under a short - day  l i g h t  regime,  were more s u i t ­
able for  c u l t u r i n g  and were obtained in a much higher y i e l d  
( 6 ) .
The e c o l o g i c a l  c o n d i t i o n s  g r e a t l y  a f f e c t e d  the y i e l d  and q u a l i t y  
o f  p r o t o p l a s t s  obta i ned from wheat l e a v e s .  Re c e n t l y ,  p r o t o p l a s t s  
have been i s o l a t e d  from 3 to 6- d a y - o l d ,  e t i o l a t e d  wheat s e e d ­
l i n g s ,  grown in the dark at  25°C. These p r o t o p l a s t s  were shown 
to d i v i d e  in c u l t u r e .  The y e l l o w col our  of  the c h l o r o p l a s t s  was 
found to be an e x c e l l e n t  marker in the i d e n t i f i c a t i o n  of  f us i on  
bodies  when such p r o t o p l a s t s  were used in f u s i o n  exper iments .
The reproducibi l i ty of  experiments  carr i ed  out with p r o t o p l a s t s  
from e t i o l a t e d  wheat s e e d l i n g s  was high.
Ti ssue  s o u r c e s . S i n c e ,  in some c a s e s ,  i t  i s  d i f f i c u l t  to i s o l a t e  
p r o t o p l a s t s  from mesophyl l  t i s s u e s ,  and i t  i s  e s p e c i a l l y  d i f ­
f i c u l t  to r egenerat e  p l ant s  from them, cu l tured  c a l l u s  t i s s u e s  
were a l s o  used as a source of  p r o t o p l a s t s .
Chi -kuei  Tsai e t  a 1. (7)  subcul tured  r i c e  c a l l i  7-8 t imes on LB 
medium and obtai ned v i g o ro us l y - g ro wi ng  t i s s u e s .  Good q u a l i t y  
p r o t o p l a s t s  were obtained from 8 - day- o l d  suspens i  on cultures of rice 
c e l l s  der ived from t hes e  cal  1i . P r o t o p l a s t s  i s o l a t e d  from the c u l -
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tured c e l l s  regenerat ed  the c e l l  wal l  and d iv i ded r e a d i l y .  How­
e v e r ,  i t  was found to ba d i f f i c u l t  to induce d i f f e r e n t i a t i o n  in 
t hes e  c a l l i  because o f  the previ ous  long s u b c u l t u r i n g .  There­
f o r e ,  in the I n s t i t u t e  of  Botany,  Guandong Prov i nce ,  p r o t o p l a s t s  
were prepared from the stem t i p  of  hybrid r i c e  s e e d l i n g s ,  by 
the use of  i nc ubat i on  mixtures  con t a i n i ng  c e l l u l a s e ,  p e c t i n a s e ,  
and manni t o l .  1.35 - 2.4x11)5 s p he r i c a l  p r o t o p l a s t s  were o b t a i n ­
ed per gram of  f r e s h  t i s s u e  ma t e r i a l .  As a l s o  shown by Potrykus  
f or  maize ,  in t hes e  types  of  p r o t o p l a s t  c u l t u r e s  the i nduc t i on  
of  d i f f e r e n t i a t i o n  i s  more e f f e c t i v e  than in those  der i ved from 
c a l l u s  t i s s u e  cu l t ured  for  a l onger  per i od .
Enzyme s o l u t i o n s . Most l a b o r a t o r i e s  in China used c e l l u l a s e s  
prepared by the l a b o r a t o r i e s  themse l ves  (14,  17) .  These prepa­
r a t i o n s  are a c t u a l l y  mixtures  of  enzymes.  P r o t o p l a s t s  i s o l a t e d  
from petunia  ( 1 5 ) ,  tobacco ( 1 8 ) ,  and c a r r o t  ( 1 6 ) ,  by us ing t hes e  
enzyme p r e p a r a t i o n s ,  were regenerated i n t o  e n t i r e  p l a n t s .  In 
t h i s  r e s p e c t ,  the preparat i ons  gave i d e n t i c a l  r e s u l t s  wi th those  
obtai ned wi th Onozuka R-10 made in Japan.  Re cent l y ,  the enzyme 
was e x t r a c t e d  from Tti ichodznma vlt i ide.  AE3-867  by the Factory of  
Biochemical  Reagents at  the I n s t i t u t e  o f  B i ochemi s t ry ,  Shanghai.  
The preparat i on  i s  now being produced on a commercial  s c a l e .
2.  P r o t o p l a s t  Cul ture
Pl ants  have been re g e n e r a t e d ,  in China,  from i s o l a t e d  protoplasts  
of  t obacco ,  p e t u n i a ,  and ca r r o t  in s e v e r a l  l a b o r a t o r i e s  ( 15,  
1 8 - 2 1 ) .  Much work has a l s o  been done on p r o t o p l a s t  c u l t u r e s o f  
c e r e a l s  and legumes.  The r e s u l t s  obtained are summarized in 
Table 2.
Cul ture methods . A s o l i d  medium was used by Wen-an Li et  a l .  
(18)  to c u l t u r e  tobacco mesophyl l  p r o t o p l a s t s .  Af t er  8 to 10 
days of  c u l t u r e  in modi f i ed NT medium, c e l l s  which regenerated  
new c e l l  wa l l s  were t r a n s f e r r e d ,  t o g e t h e r  wi th a p i e ce  of  agar 
at t ached to them, to the same s o l i d  medium c o n t a i n i ng  i d e n t i c a l  
or lowered amounts of  osmot i c  s t a b i l i z e r ,  r e s p e c t i v e l y .  In con­
t r a s t  to the non-1ranspi  an ted c e l l s ,  which did not d i v i d e  even 
in 30 to 40 days ,  the t r a ns p l a nt e d  c e l l s  underwent comparat i ve­
ly rapid c e l l  d i v i s i o n s  and formed c a l l i .  P r o t o p l a s t s  obtained  
from haploid p l ant s  d i v i ded more s l owl y  than those  i s o l a t e d  
from d i p l o i d  p l ant  ma t e r i a l .  S ince  i t  was not very conveni ent  
to work with the s o l i d  medium, a t wo - l a y e r  method has r e c e n t l y  
been introduced ( t he  upper l a y er  l i q u i d ,  the lower l ayer  s o l i d ) .  
By the use of  t h i s  method,  whole plant s  have been regenerated  
from i s o l a t e d  p r o t o p l a s t s  o f  N-Lcotlana n.uit lc.a  and N. a l a t a  
( 31) .
In our exper i ment s ,  v i a b l e  c e l l  c l u s t e r s  did not develop i f  the  
p r o t o p l a s t s  were kept  in the l i q u i d  medium ( 1 8 ) .  We b e l i e v e  
that  the use of  a s o l i d  c u l t u r e  medium has proved and w i l l  prove 
to be use fu l  in the c u l t u r e  of  bar l ey  ( 2 2 ) ,  wheat ( 3 3 ) ,  and 
sorghum (25)  p r o t o p l a s t s .  According to Eriksson e t  a l .  ( 2 3 , 2 4 ) ,  
p r o t o p l a s t s  submerged in a l i q u i d  medium may r e a d i l y  form e t h y l ­
ene.  The l a t t e r  might prevent  DNA s y n t h e s i s  and c e l l  d i v i s i o n .  
This a s pec t  of  the problem i s  worth s tudying  e s p e c i a l l y  wi th
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those  s p e c i e s  the p r o t o p l a s t s  of  which are d i f f i c u l t  to c u l t u r e .
p l ant s  i r\ China
Plant Source of Regenerated Cu1ture Refer-protop 1 as ts products methods ence
l i q u i d 20
N-ic.oX-ia.na ta.ba.cum L. l eaves  
c a l l u s plants
s o l i d
l i qu i d
18
19
N tc o t ta n a .  g l a u c a  L. l eaves pi ants l i q u i d 21
N tc o t ta n a .  x u A t t c a L. l eaves pi ants l i q u i d a
N lc o t ta .n a  a t a t a  L. l e a v e s pl ant s l i q u i d b
P c t u n t a  h y b x t d a  L. l eaves plant s 1 i q u i d 1 5
Oxyza. t á t i v á .  L. hapl oi d c a l l u s c a l l u s l i q u i d 23
T x t t t c u m  a z A t tv u m L. l eaves c e l l s s o l i d 26
Hoxdzum vu tgaxe .  L. l eaves c e l l s s o l i d 22
S z c a t c  c z x z a l e L . l eaves c y toki  nes i s l i qu i d 10
V t c i a  i\aba  L. l eaves c e l l s l i qu i d c
VaucuA c a x o t a  L. root  plant s pi ants l i qu i d d
VaucuA c a x o t a  L. c a l l u s plant s l i qu i d 16
Ipom za  b a ta ta A  Lam. root c a l l u s l i q u i d f
J &A.UA a lzm  
a x t t c h o k z root  cal  1 us c e l l s l i qu i d e
—’ —’ — Hsia Chen-au e t  a l .
-  Sun Yong-ru e t  a l .
-  Lin Zun-pin,  Ma Chen e t  a l .
-  Wu Yao-wu e t  al .
Ti ssue  s o u r c e s . Although p r o t o p l a s t s  can be i s o l a t e d  from prac-  
t i  c a l l y  every organ of  a p l a n t ,  most p l ant s  l i s t e d  in Table 2 
have been regenerated from l e a f  mesophyl l  p r o t o p l a s t s  or those  
obtai ned from c a l l u s  t i s s u e  ( t o ba c c o ,  c a r r o t ) .  In t obacco ,  
there  was no major d i f f e r e n c e  between t hes e  two t i s s u e  s o u r c e s ,  
exc ept  that  the p r o t o p l a s t s  obtained from c a l l u s  t i s s u e  d iv i ded  
f a s t e r  than thos e  obtained from l e a f  mesophyl l .  The d i v i s i o n  
f requency o f  the former was 70 %, that  of  the l a t t e r  45 . 9  % (18).
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Pr o t o p l a s t s  i s o l a t e d  from l e a f  c a l l u s  have shown a comparat i ve­
l y  low re generat i on  c a p a c i t y .  In p a r t i c u l a r ,  i t  was d i f f i c u l t  
to induce,  root  formation from such c a l l i .  In c o n t r a s t ,  the 
p r o t o p l a s t s  i s o l a t e d  from f r e s h l y  induced stem c a l l u s  were en­
dowed wi-th a high re generat i on  p o t e n t i a l .
Plants  have not y e t  been regenerated from the mesophyl l  or c a l ­
lus  p r o t o p l a s t s  o f  cereal  p l ant s  ( 2 , 3 , 2 9 ) .  Pre l iminary r e s u l t s  
s u g g e s t  that  the use of  p r o t o p l a s t s  from c a l l u s  t i s s u e s  or from 
stem meri sterns i s  more promis ing.  S t i l l ,  the r e d i f f e r e n t i a t i o n  
of  p r o t o p l a s t s  obtained even from c a l l u s  t i s s u e s  seems to be d i f ­
f i c u l t  at  pre s e nt .  Di v i s i o n  o f  barl ey mesophyl l  p r o t o p l a s t s  has 
been observed in our l abor at ory .  However,  the frequency o f  d i ­
v i s i o n  was low (0.1 %). I t  i s  apparent  that  the media and the  
methods appl i ed have to be improved.
Culture medium. Chi -quei  Tsai  e t  a l . (19)  compared the e f f e c t s  
of' NH4 NÖ3 and ( NH4 ) 2SO4 on the development of  p r o t o p l a s t s  ob­
ta i ned from r i c e . c a l l u s .  NH4 NO3 i n h i b i t e d  the growth of  c a l l i  
and in i t s  presence l oos e  c a l l u s  t i s s u e s  were obta i ned.  A high 
number of  small  c a l l i  deve l oped,  i f  the c u l t u r e s  were shaken.
In shaken c u l t u r e s ,  the addi t i o n  of  (NH4 ) 2S04 to the medium s t i ­
mulated the growth o f  c a l l i .  The a d d i t i o n ^o f  vi tamins  and other  
organic  compounds a l s o  proved to be b e n e f i c i a l .  In NT medium,  
the tobacco mesophyl l  p r o t o p l a s t s  divi ded much f a s t e r  i f  250 mg 
per l i t e r  of  l actalbumin hydro l ys a t e  was added to the medium.
The d i v i s i o n  frequency was a l s o  ra i s ed  from 50 % to 80 % under 
t hes e  c o n d i t i o n s .
Carbon source  and osmoticum. In our work wi th wheat p r o t o p l a s t s ,  
gHucose and some other  sugars ( i f  s uppl i ed  in a lower c o nce nt ra ­
t i o n  j .proved to be the bes t  carbon sources  ( 3 3 ) .  Budding and 
anuclear  s u bpro t o p l a s t  formation was common i f  a low osmot i c  me­
dium ( 0 . 4  M g l uc o s e )  was used.  These phenomena are a s s o c i a t e d  
With the rapid s w e l l i n g  of  the p r o t o p l a s t s .  During the spri ng  
and the summer, the i nc r e a s e  of  mol ar i ty  of  g l uc os e  to 0 . 6 - 0 . 7 M  
g r e a t l y  reduced t hes e  di sadvantageous  phenomena.
I t  i s  important  to s t r e s s  t ha t  t y p i c a l  d i v i s i o n  of  c e l l s  r e g e ­
nerated from mesophyl l  p r o t o p l a s t s  o f  barl ey (22)  and wheat (33)  
were obtai ned on a s imple  pot a t o  medium c o n t a i n i ng  20 % potato  
e x t r a c t  and a few o t her  compounds.
Auxins and o t her  pnytohormones. In our experiments  wi th b U c o t l -  
ana  A-iu-t-tca, d i f f e r e n t  plant  types  were r e g enera t ed ,  depending 
on the phytohormone used.  On some of  the c a l l i  f l owe r  buds de­
veloped which f lowered and s e t  s e e ds .  This type o f  system might  
be extremely useful  in s t u d i e s  on the d i f f e r e n t i a t i o n  in p l a n t s .
Some other  l a b o r a t o r i e s  are working on p r o t o p l a s t s  i s o l a t e d  
from other  s p e c i e s .  Several  d i v i s i o n s  of  the c e l l s  regenerated  
from the p r o t o p l a s t s  obtained from JeJiu.iale.rn a r t i ch o ke ,  c a l l u s  
t i s s u e  were observed on a modi f i ed MS medium. Ca l l i  were ob­
tai ned from the mesophyl l  p r o t o p l a s t s  of  sweet  potato  (Ipomna 
ba.ta.tai)  in a l i q u i d  medium (34) .
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3. The Genet i c  Modi f i ca t i on  of  Pr o t o p l a s t s
The p r o t o p l a s t  system proved to be use fu l  in the g e n e t i c  nrodif i -  
c a t i o n  of  somat i c  c e l l s  by i n c r e a s i n g  the frequency of  g e n e t i c  
recombinat ion and the rat e  of  mutat ion (27) .
Fusion products  were obtained in our l aboratory  from homologous 
partners  by f us i ng  mesophyl l  p r o t o p l a s t s  o f  wheat ,  maize and 
some other p l a n t s .  Heterologous  f us i o n  products  of  wheatand Vi-  
cta. fiaba p r o t o p l a s t s  have a l s o  been obtained ( 1 2 ) .  In t hes e  ex ­
periments  NaN03 was used as a f us ogen i c  agent  and a f u s i o n  f r e ­
quency of  40 % was found.  Later ,  us ing Kao’ s f us i on  technique  
(PEG), and high pH and Ca++, i n t e r s p e c i f i c  f us i on  produc-ts were 
a l s o  obtained by f us i ng  p r o t o p l a s t s  from e t i o l a t e d  wheat and 
green petunia  l eaves  (25 % f u s i o n  frequency was obt a i ne d) .
10 % of  the f us i on  bodies  represented heterogeneous  m u l t i - p r o t o ­
p l a s t  s t r u c t u r e s . N u c l e a r  s t a i n i n g  reveal ed that  the f us i on  bodies 
were he t e r o k a r y o n s . Some of  the f us i o n  produc t s ,  t r ans f e r r e d  to 
modi f i ed Ds2 medium, regenerated c e l l  wal l s  and underwent c e l l  
d i v i s i o n .  On a f res h  medium, more than 20 c a l l i  were obta i ned.
The hybrid nature of  the c a l l i  could not be a s c e r t a i n e d ,  s i nc e  
a s u i t a b l e  s e l e c t i o n  s y s t em,  s p e c i f i c  for  the hybr i ds ,  was not  
at  our di s p o s a l .
Chl oropl as t  t r a n s p l a n t a t i o n  experiments  have a l s o  been carr i ed  
out in China.  By the use of  PEG as a f us ogen i c  cigent,  wheat and 
spinach c h l o r o p l a s t s  were introduced i nt o  car ro t  p r o t o p l a s t s  i s o ­
l a t ed  from c a l l u s  t i s s u e .  2-5 % o f  the p r o t o p l a s t s  took up f o r ­
eign c h l o r o p l a s t s .  These experiments  are in progres s .
Tian Bo e t  a l .  (28)  i n v e s t i g a t e d  the i n f e c t i o n  of  tobacco [Nico-  
t lana.  ta.ba.cum cv.  Samsun) mesophyl l  p r o t o p l a s t s  with rape mosaic 
vi rus  (YMV^g). YMVijj i s  s e r o l o g i c a l l y  r e l a t ed  to TMV but i t  a l s o  
i n f e c t s  rape and Chinese cabbage.  In the presence of  p o l y o r n i ­
t h i ne  45-94 % o f  the p r o t o p l a s t s  were i n f e c t e d .  Each i n f e c t e d  
p r o t o p l a s t  contai ned 1- 3x 10  ^ v i rus  p a r t i c l e s .  In addi t i on  to 
the vi rus  work,  t hes e  workers exposed cul tured  tobacco c e l l s  to 
the mutagenic agent  EMS and cul tured  the c e l l s  under the s e l e c t ­
ive  pres s ure  of  added 8 -azaguanine  and 2 - t h i o u r a c i l .  Re s i s t a n t  
c a l l i  were i s o l a t e d  and shown to maintain t h i s  property through 
s evera l  g e n e r a t i o ns .
Research work on p r o t o p l a s t s  s t a r t e d  in China rather l a t e .  
Consequent l y ,  s evera l  problems w i l l  have to be solved in the 
f u t u r e ,  e . g . :  (a)  r e generat i on  of  p l ant s  from the p r o t o p l a s t s  of  
cereal  p l a n t s ,  l egumes,  and other important  crops.; (b) the pro­
v i s i o n  of  p lant  mater i a l  wi th known g e n e t i c  background and s e ­
l e c t i v e  markers; (c )  study of  the p o s s i b i l i t i e s  of  obta i n i ng  
hybrids of  d i s t a n t l y  r e l a t e d  p l a n t s .  These programmes require  
more knowledge on c e l l  d i f f e r e n t i a t i o n  and g e n e t i c  s t a b i l i t y .  
I n v e s t i g a t i o n s  along t hes e  l i n e s  are in progres s .
In addi t i o n  to the p r o t o p l a s t  work,  some l a b o r a t o r i e s  are de-- 
ve l opi ng  t i s s u e  c u l t u r e  systems (for maintenance of  s tock mate­
r i a l ) .  Such c u l t u r e s  have a l ready been e s t a b l i s h e d  for  r i c e ,  
wheat ,  peanut ,  s ug a r - c a ne ,  c a r r o t ,  and a r t i c ho ke .
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PROTOPLAST FUSION, MECHANISM AND CONSEQUENCES FOR POTATO
BREEDING AND PRODUCTION OF POTATOES + TOMATOES
A. Some Experiments  Aimed at  Understanding the Surface  S t r uc t ur e
of  P r o t o p l a s t s
Grout e t  a l .  (1973)  and Nagata and Melchers (1978)  have observed  
the n e g a t i v e  s u r f a c e  charge o f  f r e s h l y  prepared p r o t o p l a s t s ,  in 
e l e c t r o p h o r e s i s  ex per i ment s .  Ca++ ions  reduce the n e g a t i v e  s u r ­
f a c e  charge more and more wi th i n c r e a s i n g  c o n c e n t r a t i o n .  4 - p o t e n -  
t i a l  = 0 mV and c o a g u l a t i o n  i s  a t t a i n e d  wi th a 100 mM c o n c e n t r a ­
t i o n  o f  CaCl2 . This r e s u l t  makes the e f f e c t  o f  CaC12 and high pH 
in producing p r o t o p l a s t  f u s i o n s  more unders tandabl e  ( K e l l e r  and 
Melchers ,  1973) .  The p o l y c a t i o n s ,  p o l y l y s i n e  and p o l y o r n i t h i n e ,  
i n c r e a s e  the s u r f a c e  charge from -30 mV ^ - p o t e n t i a l  to +30 mV, 
but the p r o t o p l a s t s  do not  s u r v i v e  such changes .  Af t er  r e s o l u ­
t i o n  o f  the p o l y c a t i o n s  in s h o r t - t e r m e x p e r i me n t s ,  the n e g a t i v e  
s u r f a c e  charge r e t u r n s .  Hi s tones  de s t r o y  the p r o t o p l a s t i c  mem­
branes a f t e r  reducing the charge to z e ro .  In p r e l i mi n a r y  e x p e r i ­
ments ,  the i n f l u e n c e  of  some enzymes on s u r f a c e  charges  was 
s t u d i e d ,  a-Neurami nidase  i s ,  through removing the s i a l i c  ac i d  
from the s u r f a c e ,  a c t i v e  in reduci ng the  n e g a t i v e  charges  of  
animal c e l l s .  However,  in p l a n t  p r o t o p l a s t s ,  a -neurami n i das e  has 
no e f f e c t .  Phos pho l i pas e  C only  d e s t r o y s  the  s u r f a c e ,  but acid  
phosphatase  reduces  the n e g a t i v e  charges  c o n s i d e r a b l y  (40 - 50  %). 
Aft er  r e s o l u t i o n  o f  the enzyme,  the reduc t i on  in n e g a t i v e  charges,  
our rough d r a f t  o f  the p l ant  p r o t o p l a s t  s u r f a c e  i s  momentary:  
n e g a t i v e l y  charged phosphate  s i d e - c h a i n s  are p a r t i a l l y  covered  
by p r o t e i n s .
S ince  Okada ( 1 9 6 2 ) ,  f u s i o n  o f  animal c e l l s  has been induced main­
ly by i n a c t i v a t e d  Sendai  v i r u s .  The a c t i v e  part  o f  t h i s  f us i o n  
agent  seems to be the pho s pho l i p i d  of  the v i rus  membrane (Hosaka 
and Shimizu,  1972; Lucy,  1970) .  Pl ant  p r o t o p l a s t  exper iment s  wi th  
natural  p ho s pho l i p i ds  l i k e  l y s o l e c i t h i n  did not lead to d e f i n i t e  
r e s u l t s  (Potrykus and Hoffmann,  1973) .  Af t er  we became i n t e r e s t ­
ed in changing the s u r f a c e  charge of  p r o t o p l a s t s  to  induce an 
a r t i f i c i a l  s e x u a l i t y  (Mel chers ,  1977) ,  H. Eibl  entered  i n t o  c o ­
operat i on  wi th us (Nagata and Melchers ,  1978; Nagata e t  a l . ,
1979) whereby he s y n t h e s i z e d  c o mpl e t e l y  a r t i f i c i a l  p h o s p h o l i p i ds  
( E i b l ,  1978; Eibl  and Ni cks ch ,  1978) .  1 , 2 - 0 - d i p e n t a d e c y l - m e t h y -
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l i d e n e - g l y c e r o l - 3 - p h o s p h o r y l - ( N - e t h y l a m i n o ) - e t h a n o l a m i n e  (Fi g .  
1) produces p r o t o p l a s t  f u s i o n s  to a l e s s e r  e x t e n t  than PEG and 
PVA (Nagata,  1978) ,  but very q u i c k l y ,  in c o n t r a s t  to the wel l  
known a gent s .  This may become important  when we want to fuse  
many p r o t o p l a s t s  in a double l a y er  produced by a r t i f i c i a l l y  po­
s i t i v e l y  and n a t u r a l l y  n e g a t i v e l y  charged p r o t o p l a s t s  (Mel chers ,  
1977) .  Ca++ ions  are most nece s s ary  in the f us i o n  s o l u t i o n ,  
and t h i s  s o l u t i o n  should be purged of  l arge  v e s i c l e s  by f i l t e r ­
ing a f t e r  s o n i f i c a t i o n .  In e l u c i d a t i n g  the mol ecul ar  ba s i s  o f  
the f us i on  proces s  i t  may be he l p f u l  to use s imple  p h o s p h o l i ­
pids  wi th d i f f e r e n t  e x a c t l y  known s t r u c t u r e s  rather  than mix­
tures  of  natural  product s .
B. Fusion Hybrids in Potato  Breeding
It  seems to be ext remel y  nece s s ary  not only to play " l ’ art  
pour 1 ’ art" wi th our p r o t o p l a s t  work and other  unconvent ional  
methods of  p l ant  p h y s i o l o g y ,  g e n e t i c s  and br e e d i n g ,  but to use 
t hes e  in combinat ion wi th wel l -known convent i ona l  methods.  
Wenzel e t  a l . ( 1979 ) propose an "a n a l y t i  ca 1- s y n t h e t i c "  way of  
combining product ion o f  d i h a p l o i d  pota tos  by i nduci ng partheno­
g e n e s i s  through c r o s s i n g  the c u l t i v a r s  wi th Solanum p h u n z j a .  
S e l e c t i o n  for  the us e f u l  c h a ra c t er s  in the d i h a p l o i d  s t a t e  
and eventual  c r o s s i n g  of  two such l i n e s  f o l l o w s .  I f  one wants  
to go ahead to a t e t r a p l o i d  l i n e  whi l e  mai nta i ni ng  the h e t e r o ­
z y g o s i t y  and un i f or mi t y  of  two d i h a p l o i d  l i n e s ,  the bes t  way to 
do t h i s  i s  to f us e  p r o t o p l a s t s .  During t h i s  meet ing Wenzel w i l l  
gi ve  a more d e t a i l e d  report  and exp l a i n  what i s  going on at  
Köln-Vogel san g .
0 HIICH2-O-P-O-CH2-CH2-N-CH2-CH2-NH2
Ó ©
f ig . i  1 ,2-O-Dipentadecy Imethy l i d e n e - g l y  cerol-
3-p h osph ory l - ( N -e thy lam in o)  - e th a n o la m in e
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C. Somatic Hybrid Plant  of  Potato and Tomato Regenerated from 
Fused P r o t o p l a s t s
Not long ago we were forced to c onf e s s  t ha t  c e l l  hybrids  a f t e r  
f us i o n  of  p r o t o p l a s t s  are p o s s i b l e  between very d i s t a n t l y  r e ­
l a t ed  p l a n t s ,  but r e g enera t i o n  of  hybrid p l ant s  i s  known only  
in cases  in which sexual  hybrids are a l s o  p o s s i b l e .  S ince  1978 
some e x c e p t i o n s  have been found,  e . g .  the potato  + tomato hyb­
r i ds  (Melchers  e t  a l . , 1 9 7 8 ) .  Fusion hybrids  between p l ant s  
which can a l s o  be crossed  s e x u a l l y  can be of  great  value ( s ee  
the l a s t  chapter  and Wenzel e t  a l . ,  1979 for  breedi ng purposes ,  
or Gleba,  1 979 , B e l l i a r d  e t  a l . , 1978; or Chupeau e t  al . , 1978 
for  g e n e t i c  a n a l y s i s  of  mendel ian and non-mendel ian f a c t o r s ) .  
People c r i t i c i s i n g  the f i r s t  f us i o n  experiments  between c l o s e ­
l y  r e l a t e d  p l ant s  c r o s s a b l e  by sexual  methods as "unnecessary"  
have been on the wrong track.
The f i r s t  potato  + tomato hybrids  were s t a r t e d  in 1977 by f u ­
s i on  o f  mesophyl l  p r o t o p l a s t s  of  tomato ( Ly nop i c o n  a c u l c n -  
tum Mi l l .  var.  ceras i forme  (Dunai)  A l e f ,  mutant ye l l o w green 
6 , Rick) and p r o t o p l a s t s  of  a submersed c a l l u s  c u l t u r e  of  the  
potato  d i ha p l o i d  l i n e  HH 258 which were given to me by Prof .  
Straub of  Kő 1 n-Voge 1 s a n g . Linder the c o n d i t i o n s  t hat  we used 
the tomatoes regenerated from c a l l u s  had only root s  and no 
s h o o t s .  At f i r s t  i t  was not easy to dec i de  from among the r e ­
generat i ng  green shoots  what could be a hybrid and what could 
be a potato  wi th perhaps an abnormal chlorosome s e t .  An ana­
l y s i s  of  the chromosome numbers (Dr. M.D. S a c r i s t a n ,  I n s t i t u t  
für Angewandte Genet i k ,  Berl in-Dahlem)  gave some i n d i c a t i o n s .  
The chromosomes of  the potato  and tomato are not s u f f i c i e n t l y  
d i f f e r e n t  mo r ph o l o g i c a l l y t o  enable  a s t r i c t  proof  by karyol o-  
g i ca l  a n a l y s i s .
F o r t u n a t e l y ,  Dr. Holder (Car l sberg  I n s t i t u t e ,  Copenhagen) found 
that  potatos  and tomatoes can be d i f f e r e n t i a t e d  through the 
SDS e l e c t r o p h o r e s i s  of  the r i b u l o s e - 1  , 5 - b i phos phat e  c a r bo x y l ­
ase ("Fract i on 1 p r o t e i n " ) .  Using t h i s  method four hybrid 
pl ant s  have been i d e n t i f i e d  - three p l ant s  wi th the plastome  
of  a tomato,  and one p l ant  wi th the plastome of  a po t a t o .
Here I propose f or  the f i r s t  time t hat  we c a l l  potato  + tomato 
hybrids wi th a potato  plastome "pomatoes" ( in German "Karma- 
ten")  and hybrids with a tomato plastome "topatoes" ( i n  German 
"Tomof fe ln").
In the mean t i me , a s  P r o f e s s o r  D.V. Wet t s t e i n  wrote to me, our 
c o l l e a g u e s  at  the Carl sberg I n s t i t u t e  have analysed some more 
p l a n t s .  We now have nine p l ant s  analysed - four t opatoes  and 
f i v e  pomatoes.  In some of  t he s e  p l ant s  Dr. Herrmann ( B o t a n i ­
sches  I n s t i t u t ,  Düs s e l dor f )  has s t ud i e d  the plast id-DNA using  
r e s t r i c t i o n  enzyme a n a l y s i s  and has found no d i f f e r e n c e s  b e t ­
ween t h i s  and the f r a c t i o n  1- a n a l y s i s  of  the l arge  subuni t .
More d e t a i l s ,  and p i c t u r e s  of  some topatoes  and pomatoes,  wi l l  
be publ i shed e l s ewhere .  Some pl ant s  are more or l e s s  monstrous  
and grow s l o w l y ,  and some have chromosome numbers near the  
i dea l  number o f  the amphidiploid ( 4 8 ) .  In some p l ant s  we have 
found t u b e r - l i k e  s t o l o n s ,  but as y e t  no f e r t i l e  f l o we r s .
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In former t imes potatos  and tomatoes belonged to the same genus
Solanum.  Recent ly tomatoes were put in the genus L yco p i^u lo o n .
I hope the modern s y s t e m a t i c i ans apprec i a t e  our f i n d i n g ?  !
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REGENERATION AND FUSION OF PROTOPLASTS FROM 
IMPORTANT CROP PLANTS OF THE BRASSICEAE
F r a n z  H o f f m a n n * ,  H e l l m u t  S c h e n c k ,  H ans W. 
K o h l e n b a c h  a n d  Y u ry  Y u. G l e b a * *
Max-Planck-Institut für Pflanzengenetik 
Projektgruppen Haploide in der Pflanzen­
züchtung, D-6802 Ladenburg, FRG
INTRODUCTION
Some of the plants belonging to the Cruciferae, especially 
members of the genus Brassica, are of great economic impor­
tance. For example, the vegetable kale or cabbage (Brassica 
oleracea) as well as oil seed plants like rape (B. napus) are 
important crop plants. Rape is the most productive oil plant 
of the northern temperate zone. Of further interest is that 
the Cruciferae present one of the rare examples in the plant 
kingdom where intergeneric sexual hybrids have been made. B. 
juncea (Indian mustard), B. carinata (Abyssian mustard) and
B. napus were found to be interspecific hybrids, which are 
amphidiploids bearing genomes AB, BC and AC, respectively. B. 
campestris (turnip) is considered to have contributed genome 
A, Ef. nigra (black mustard) genome B, and B. oleracea genome
C. The scheme, given in figure 1, often referred to as the 
triangle of U (1), illustrates the basic character of the di­
ploid species at the triangle's points. One prerequisite for 
successful breeding of the corresponding amphidiploids is the 
establishment of a broad genetic basis. Because of low gene­
tic diversity, hybrid lines of B. napus show relatively small 
heterotic effects (2). Therefore, synthetic amphidiploids re­
present a promising challenge for breeders. In addition to 
our protoplast work with B. napus. (2) , we included J). campe­
stris , B. oleracea and B. nigra into our protoplast program 
and used these species in experiments on interspecific! and 
intergeneric somatic hybridization.
RESULTS
Protoplast regeneration.
Isolated protoplasts from all four species could be regenera­
ted into calli. In experiments with amphidiploid and araphi- 
haploid B. napus, this was possible with greenhouse-grown
‘present address: Max-Planck-Institut für Zellbiologie,
D-6802 Ladenburg bei Heidelberg, FRG.
* * p r e s e n t  a d d r e s s :  I n s t i t u t e  o f  B o t a n y ,  A c a d e m y  of S c i e n c e s  of 
U k r a i n i a n  S S R ,  K i e w ,  U S S R .
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BRASSICAOLERACEA
N=9 (C)
BRASSICACARINATA
N=17 (BC)
BRASSICA NAPUS V
N=19 (AC) X
BRASSICANIGRA
N=8 (B)
BRASSICA BRASSICAJUNCEA CAMPESTRIS
N=18 (AB) N=10 (A)
F i g .  1 .  T h e  t r i a n g l e  o f  D ( 1 ) ,  s h o w i n g  t h e  o r i g i n  o f  a l l o p l o -  
i d  s p e c i e s  o f  B r a s s i c a  (n  = h a p l o i d  c h r o m o s o m e  num­
b e r )  .
p l a n t  m a t e r i a l  o n  d i f f e r e n t  c o n v e n t i o n a l  c u l t u r e  m e d i a  ( 3 ) .
I n  m any c a s e s ,  a  r e l e a s e  o f  b ro w n  p a r t i c l e s  c o u l d  b e  o b s e r ­
v e d  i n  d i v i d i n g  c e l l s .  F i g u r e  2 s h o w s  s u c h  " s p i t t i n g  c e l l s "  
a n d  a  c o l o n y  c o m p l e t e l y  c o v e r e d  b y  t h e s e  b ro w n  s p o t s .  B u t ,  i n  
B. n a p u s , t h e  c a l l i  a r e  a b l e  t o  o u t g r o w  t h e s e  p a r t i c l e s  w i t h ­
o u t  s p e c i a l  t r e a t m e n t  a n d  d e v e l o p  f u r t h e r .  C e l l s  o f  t h e  t h r e e  
o t h e r  s p e c i e s  w e r e  n o t  a b l e  t o  s u r v i v e  u n d e r  t h e  sa m e  c o n d i ­
t i o n s .  A b o u t  t e n  d a y s  a f t e r  p r o t o p l a s t  i s o l a t i o n ,  t h e  b row n  
c o l o n i e s  d i e d .  To o b t a i n  c a l l i  t h e  f o l l o w i n g  p r o c e d u r e s  w e r e  
d e v e l o p e d  ( 4 ) :
1 .  ) P l a n t  s e l e c t i o n . O n l y  s t e r i l e - g r o w n  p l a n t  m a t e r i a l  w a s  
u s e d  f o r  p r o t o p l a s t  i s o l a t i o n .  From t h e s e  p l a n t s ,  o n l y  t h o s e  
f e w  w e r e  t a k e n  w h i c h  h a d  n o t  t u r n e d  t h e  a g a r  b ro w n  w i t h i n  8 
w e e k s  a f t e r  g e r m i n a t i o n .  T h e s e  p l a n t s  s h o w e d  a c o m p a r a t i v e l y  
l o w  p o l y - p h e n o l  o x i d a s e  (PPO) a c t i v i t y  a s  w e l l  a s  a  r e d u c e d  
n u m b er  o f  PPO i s o e n z y m e  b a n d s  i n  l e a v e s ,  r o o t s  a n d  a g a r .
2 .  ) C u l t u r e  c o n d i t i o n s . R e p e t i t i v e  w a s h i n g  o f  t h e  c u l t u r e s ,  
u p  t o  t w o  t i m e s  p e r  w e e k ,  h a s  b e e n  sh o w n  t o  b e  n e c c e s s a r y .
T h e  i n t e r v a l s  c a n  b e  p r o l o n g e d  b y  l o w e r i n g  t h e  p r o t o p l a s t  
t i t e r .
3 .  ) C o n t r o l  o f  g r o w t h  r a t e . O n l y  a c t i v e l y  d i v i d i n g  c e l l s  r e ­
l e a s e  t h e  b ro w n  p a r t i c l e s  e n  m a s s e . S l o w  g r o w t h ,  c o m b i n e d  
w i t h  a  r e d u c e d  b r o w n i n g ,  c o u l d  b e  a t t a i n e d  b y  u s i n g  a new  
c u l t u r e  m e d iu m ,  h a v i n g  n o  m a c r o m i n e r a l s  o t h e r  t h a n  2 g / 1  KNO^ 
( 4 ) .  T h e  a d d i t i o n  o f  Ca++ l e d  t o  an  e s p e c i a l l y  e x p l o s i v e  r e ­
l e a s e  o f  p a r t i c l e s .  The a d d i t i o n  o f  a n t i b i o t i c s  c a n  a l s o  r e ­
d u c e  t h e  g r o w t h  r a t e .
Any c o m b i n a t i o n  o f  t h e  p r o c e d u r e s  m e n t i o n e d  a b o v e  may a l s o
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F i g .  2 .  a )  S m a l l  c e l l  c o l o n y  d e v e l o p e d  f r o m  a i s o l a t e d  p r o t o ­
p l a s t  o f  B . n a p u s  s h o w i n g  t h e  r e l e a s e  o f  b row n  
p a r t i c l e s .
b) S m a l l  c a l l u s  g r o w i n g  t h r o u g h  t h e  c o v e r  o f  b ro w n  
p a r t i c l e s .
h e l p  w i t h  s i m i l a r  p r o b l e m s  i n  o t h e r  p l a n t  s p e c i e s .  I n  a l l  e x ­
p e r i m e n t s  w i t h  B . c a m p e s t r i s , -B. o l e r a c e a  a n d  B . n i g r a , s e ­
l e c t i o n  o f  p l a n t s  ( p r o c e d u r e  iT '  w a s  n e c c e s s a r y .  B . o l e r a c e a  
o n l y  s u r v i v e d  i n  t h e  m i n i m a l  m e d iu m .
An e x p l a n a t i o n  f o r  t h e s e  d i f f i c u l t i e s  i n  c u l t u r i n g  B r a s s i c a  
(a n d  o t h e r )  p r o t o p l a s t s  c a n  o n l y  b e  s p e c u l a t i v e  ( 5 ) .  Some  
s o r t  o f  i n f e c t i o n  p e r s i s t i n g  i n s i d e  t h e  p l a n t  c e l l s  o r  a s s o ­
c i a t e d  w i t h  th e m  i n  c u l t u r e  c a n  h a r d l y  b e  e x c l u d e d .  T h e  h i g h  
PPO a c t i v i t y  l e v e l  c o u l d  b e  a n  i n d i c a t i o n  o f  t h i s  ( 6 ) .  I t  may  
a l s o  b e  p o s s i b l e  t h a t  i n f e c t i o n  w i t h i n  t h e  s e e d  w a s  n o t  co m ­
p l e t e l y  e r a d i c a t e d  b y  t h e  s t e r i l i z a t i o n  p r o c e d u r e .  A n o t h e r  
e x p l a n a t i o n  c o u l d  b e  a r e l e a s e  b y  t h e  c e l l s  t h e m s e l v e s  o f  
som e t o x i c  s u b s t a n c e s  t h a t  c a u s e  t h e  d e a t h  o f  t h e  c o l o n i e s .
M o r p h o g e n e s i s .
No o r g a n o g e n e s i s  c o u l d  b e  o b s e r v e d  i n  B. n i g r a . R o o t s  r o u t i ­
n e l y  d e v e l o p e d  f r o m  c a l l i  o f  t h e  t h r e e  o t h e r  s p e c i e s .  S h o o t s  
an d  f l o w e r i n g  p l a n t s  c o u l d  o n l y  b e  r e g e n e r a t e d  f r o m  B . n a p u s  
( 3 ) .  P l a n t  f o r m a t i o n  o c c u r r e d  v e r y  r a r e l y  a n d  c o m p l e t e l y  
w i t h o u t  c o n t r o l  b y  t h e  e x p e r i m e n t o r . V e r y  r e c e n t l y  we w e r e  
a b l e  t o  p a r t i a l l y  o v e r c o m e  t h i s  p r o b l e m .  U s i n g  p r o t o p l a s t s  
i s o l a t e d  f r o m  s t e m  e m b r y o g e n i c  t i s s u e  ( 3 ) ,  w h i c h  h a s  d e v e l o ­
p e d  e i t h e r  f r o m  c u l t u r e d  a n t h e r s  o f  r a p e  ( 7 ,  8)  o r  f r o m  p r o ­
t o p l a s t  d e r i v e d  c a l l i ,  e m b r y o g e n i c  c l u m p s  c a n  b e  o b t a i n e d  
w hen 8 w e e k  o l d  c a l l i  a r e  t r a n s f e r r e d  t o  a  p o t a t o  e x t r a c t  m e­
d iu m  ( 9 ,  a s  m o d i f i e d  i n  1 0 ) .  A r e p e a t e d  t r a n s f e r  a f t e r  a n -
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o t h e r  4 w e e k s  t o  a  m o d i f i e d  M S-m edium  (3 5  g / 1  s u c r o s e ,  2 g / 1  
g a l a c t o s e ,  8 0 0  m g / 1  g l u t a m i n e ,  0 , 5  m g / 1  IA A, 0 , 0 5  m g / 1  BAP) 
r e s u l t s  i n  a  r e n e w e d  i n d u c t i o n  o f  s t e m  e m b r y o g e n e s i s  a n d  
p l a n t  p r o d u c t i o n .  U s i n g  t h i s  p r o c e d u r e  we a r e  a b l e  t o  i n d u c e  
b e t w e e n  t h r e e  a n d  s i x  e m b r y o g e n i c  s t r a i n s  p e r  e x p e r i m e n t .  Of  
c o u r s e ,  t h e  e f f i c i e n c y  o f  t h i s  i n d u c t i o n  m u s t  b e  i n c r e a s e d  
b e f o r e  r a p e  m ay b e  b r e d  w i t h  m i c r o b i o l o g i c a l  m e t h o d s  ( 1 1 ) .  
N e v e r t h e l e s s ,  a  c l e a r  s e q u e n c e  o f  s t e p s  g i v e s  a s m a l l ,  b u t  
r e p r o d u c i b l e  s u c c e s s .
P r o t o p l a s t  f u s i o n .
P r o t o p l a s t s  o f  a l l  f o u r  s p e c i e s  w e r e  u s e d  i n  f u s i o n  e x p e r i ­
m e n t s  i n  i n t e r s p e c i f i c  a n d  i n t e r g e n e r i c  c o m b i n a t i o n s .  I n  m o s t  
c a s e s ,  c a l l u s  p r o t o p l a s t s  f r o m  o n e  s p e c i e s  a n d  m e s o p h y l l  p r o ­
t o p l a s t s  f r o m  a n o t h e r  w e r e  c o m b i n e d  a n d  v i s i b l e  f u s i o n  b o d i e s  
w e r e  m e c h a n i c a l l y  i s o l a t e d  a n d  i n d i v i d u a l l y  c u l t u r e d  i n  m i ­
c r o d r o p l e t s  ( 1 2 ) .  F i r s t  d i v i s i o n s  o c c u r r e d  i n  n i n e  c o m b i n a ­
t i o n s  ( t a b l e  1 ) ,  b u t  i n  a l l  b u t  o n e  c a s e  t h e  c o l o n i e s  d i e d  
b e f o r e  t r a n s f e r  t o  s o l i d  m e d i a .  H e t e r o k a r y o n s  o f  A r a b i d o p s i s  
t h a l i a n a  + B. c a m p e s t r i s  g a v e  r i s e  t o  s y m m e t r i c  a n d  a sy m m e­
t r i c  A r a b i d o b r a s s i c a  h y b r i d  p l a n t s  ( 1 3 ) ,  w h i c h  i s  a  t o p i c  o f  
a n o t h e r  p a p e r  o f  t h i s  m e e t i n g .  P r o t o p l a s t s  i s o l a t e d  f r o m  A r a ­
b i d o b r a s s i c a  c e l l  l i n e  a b  2 ( 1 4 ) ,  w h i c h  s h o w e d  n o  s p e c i f i c  
c h r o m o s o m e  e l i m i n a t i o n ,  w e r e  f u s e d  w i t h  m e s o p h y l l  p r o t o p l a s t s  
f r o m  d i f f e r e n t  s p e c i e s .  F i r s t  d i v i s i o n s  w e r e  o b s e r v e d  i n  t h e ­
s e  c e l l s  w i t h  t h r e e  g e n o m e s  c o m b i n e d  b y  s o m a t i c  h y b r i d i z a ­
t i o n  .
I n  a n o t h e r  t y p e  o f  e x p e r i m e n t ,  m e s o p h y l l  p r o t o p l a s t s  o f  B.  
o l e r a c e a  a n d  B. c a m p e s t r i s  w e r e  f u s e d  i n  a t t e m p t s  t o  r e s y n ­
t h e s i z e  B .  n a p u s . A p r e s u m e d  h y b r i d  c a l l u s  w a s  s e l e c t e d  on  
t h e  b a s i s  o f  h e t e r o t i c  g r o w t h .  V i g o r o u s  g r o w t h  o f  h y b r i d  
c e l l s  s e e m s  t o  b e  a  q u i t e  common p h e n o m e n o n  ( 1 4 ,  15)  a n d  
s e e m s  t o  b e  t h e  m o s t  s u i t a b l e  s e l e c t i o n  p r o c e d u r e .  I s o e n z y m e  
a n a l y s i s  o f  e s t e r a s e s  a n d  a m y l a s e s  s u p p o r t  t h e  e f f i c a c y  o f  
t h e  s e l e c t i o n  a n d  s u g g e s t  t h e  f o r m a t i o n  o f  a  p a r a s e x u a l  r a p e  
c a l l u s .  No p l a n t  r e g e n e r a t i o n  c o u l d  b e  o b t a i n e d  f r o m  t h e  p r e ­
sum ed h y b r i d  c e l l s .
CONCLUDING REMARKS
T h e u s e f u l n e s s  o f  B r a s s i c a  p r o t o p l a s t s  i n  m u t a t i o n  b r e e d i n g  
p r o g r a m s ,  i n  v i t r o  s e l e c t i o n  o r  s o m a t i c  h y b r i d i z a t i o n  i s  
s t i l l  l i m i t e d  d u e  t o  o u r  i n a b i l i t y  t o  i n d u c e  c o n t r o l l e d  m o r ­
p h o g e n e s i s .  E s p e c i a l l y  w h en  we s e l e c t  f o r  a  s p e c i a l  r a r e  g e ­
n o t y p e  o r  n e w c o m b i n a t i o n , a  p e r f e c t  m o r p h o g e n e t i c  c a p a c i t y  
o f  t h e  s y s t e m  i s  r e q u i r e d .  S u c h  a s y s t e m  i s  t h e  s t e m  e m b r y o ­
g e n i c  t i s s u e  o f  B . n a p u s  ( 3 ) ,  w h i c h  we a l r e a d y  u s e  i n  t h i s  
k i n d  o f  e x p e r i m e n t  ( 1 6 ,  17)  a n d  w h i c h  h a s  b e e n  a l s o  u s e f u l  
f o r  i s o l a t i n g  p r o t o p l a s t s .  We w o u l d  l i k e  t o  s u g g e s t  t h e  s t i ­
m u l a t i o n  o f  e f f o r t s  o n  c o n t r o l l e d  m o r p h o g e n e s i s  o f  c u l t u r e d  
p l a n t  c e l l s .  We b e l i e v e  t h a t  t h e r e  i s  so m e  d i s c r e p a n c y  b e ­
t w e e n  t h e  o p t i m i s m  c a u s e d  b y  l i s t s  o f  r e g e n e r a t e d  p l a n t  s p e -
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c i e s  find t h e  r e a l i t y  o f  c o n t r o l l i n g  t h i s  p r o c e s s .
TABLE 1 R e s u l t s  f r o m  F u s i o n  E x p e r i m e n t s  w i t h  B r a s s i ­
c a S p e c i e s  i n  I n t e r s p e c i f i c  a n d  I n t e r g e n e r i c  
C o m b i n a t i o n s
p r o t o p l a s t s  u s e d  d e v e l o p m e n t  o b t a i n e d
fr o m  h y b r i d  c e l l s
c a l l u s
p r o t o p l a s t s
m e s o p h y l l
p r o t o p l a s t s
d i v i “
s i o n s
c a l l u s p l a n t s
A r a b i d o p s i s B. c a m p e s t r i s + + +
t h a l i a n a B. n a p u s + - -
B. n i g r a + -
B. o l e r a c e a - - -
A. t h a l i a n a  + A. t h a l i a n a - - -
B . c a m p e s t r i s B. n i g r a + ~ -
( A r a b i d o b r a s s i c a ) N. d e b n e y i + -
N. s i l v e s t r i s + - -
N. t a b a c u m + - -
B r a s s i c a A. t h a l i a n a - - -
c a m p e s t r i s B. o l e r a c e a + -
N. t a b a c u m - - -
D a u c u s B. c a m p e s t r i s - - -
c a r o t a B. o l e r a c e a - -
N i c o t i a n a B. c a m p e s t r i s + -
t a b a c u m B. n a p u s - - -
B. n i g r a - -
B. o l e r a c e a - - -
m e s o p h y l l m e s o p h y l l
p r o t o p l a s t s p r o t o p l a s t s
B . c a m p e s t r i s B . o l e r a c e a + +
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S O M A T I C  H Y B R I D I Z A T I O N  O F  SOLANUM TUBEROSUM L- A N D  
SOLANUM CUASOENSE R I T T , BY P R O T O P L A S T  F U S I O N
R.G. Butenko and A-A. kuchko
I n s t i t u t e  o f  Pl ant  Phy s i o l o g y ,  USSR Academy o f  
S c i e n c e s ,  Moscow and the Ukrainian Potato Research 
I n s t i t u t e ,  Nemeshaevo,' USSR
I n t e r s p e c i f i c  h y b r i d i s a t i o n  of  somat i c  c e l l s  has r e s u l t e d ,  in 
c e r t a i n  c a s e s ,  in the product ion of  hybrid (1 - 5 )  or cybrid ( 6 ) 
p l a n t s .  The somat i c  hybrids  were,  in most c a s e s ,  s i m i l a r  to 
the corresponding amphidi plo i ds  obta i ned by sexual  c r o s s i n g .
In severa l  i n s t a n c e s ,  however,  the chromosome number o f  the  
somat i c  hybrids was found to  be d i f f e r e n t  ( 1 - 3 ) .
The aim o f  the present  work was to obtai n somatic hybrids  
between c u l t i v a t e d  and wi ld potato  s p e c i e s .  Solanum tuberosum
L. cv.  Pr i ekul sky  ranni i  (2n=4x=48) and S. shaooense  B i t t .
(2n = 2'x = 24) were chosen f or  the exper iments .
The t echni ques  used f or  the i s o l a t i o n  o f  p r o t o p l a s t s  from l e a f  
mesophyl l  t i s s u e  of  p l a n t l e t s  o r i g i n a t i n g  from meristem c u l t u r e s  
of  both potato s p e c i e s  have been des cr i bed  in previous  p u b l i c a ­
t i o n s  ( 7 - 9 ) .  The i s o l a t i o n  of  p r o t o p l a s t s  from c a l l u s  c u l t u r e s  
of  S . tu b e r o s u m ,  and the c o n d i t i o ns  neces s ary  for  plant  r e ­
g e n e r a t i o n ,  have a l s o  been reported ( 7 - 9 ) .  D e t a i l s  of  the pro­
cedure used f or  the i s o l a t i o n  of  p r o t o p l a s t s  are descr i bed in 
Table 1.
P r o t o p l a s t s  i s o l a t e d  from c a l l u s  c u l t u r e s  of  S. tuberosum  ( 8 th 
t r a n s f e r )  (Fi g .  Id) and l e a f  mesophyl l  p r o t o p l a s t s  of  S. oha-  
ooense  (Fi g .  l c )  were mixed in 0.16 M Ca(N03 )„ in a r a t i o  of  
1:1 in a f i n a l  d e n s i t y  of  10^ p r o t o p l a s t  per ml. Pr o t o p l a s t  
f us i o n  was induced by 42% (w/v)  po l y e t h y l e n e  g l yco l  (MW 1540)  
according to a modi f i ed ver s i on  of  the Kao-Michayluk procedure  
( 1 0 ) .  Af t er  15 to 20 min. the p r o t o p l a s t s  were washed with
0 . 16 M Ca(N03 )„.  The washing was repeated twice with a modi f i ed  
Murashige-Skőog (MS) medium ( 1 1 ) .  The p r o t o p l a s t s  were c u l t u r ­
ed in a s o l i d  Murashige-Skoog medium c ont a i n i ng  the f o l l o wi n g  
i ng r e d i e n t s :  macro- and mi c r o nut r i e nt s  and che l a t ed  iron as in 
MS, vi tamin B-| ( 2 . 0  mg/ 1) ,  vi tamin B5 ( 0 . 8  mg/ 1) ,  2,4-D 
( 1 . 0  mg/1 ) ,  a - n a p ht y 1a c e t i c  acid ( 1 . 0  mg/1 ) ,  6 -benzyl  ami no­
purine ( 1 . 0  mg/ 1) ,  sucrose  (25 g / 1 ) , ma n ni t o l  ( 0 . 32  M), agar 
(6 g / 1 ) ,  at  pH 5 . 5 - 5 . 6 . The p r o t o p l a s t s  were cu l tured  in
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TABLE 1. Condi t ions  for  the i s o l a t i o n  of  potato  p r o t o p l a s t s  
(pH 6 , 1 ,  shaker 72 rpm/min,  t = 26° C)
I s o l a t i o n  condi trons
Plant  Chromosome 
number
Number
of
v i a b l e  
p r o t o p l a s t s
Enzymes Concentra-  Time of  i n-
t i on of  
mannitol
cuba t i  on 
with e n - 
zymes ( h o u r s )
2n=4x=48 7 . 1 06
(90% v i a b l e )
2%
xyl anase
0.4 6
S. tuberosum
2n=2x=24 2 , 5 . 105 
(80-85% 
v i a b l e )
2%
xylanase+  
+0,5 Onozuka 
R-10
0. 4 7-8
c a l l u s
t i s s u e
2 . 10°
30% c e l l s
3,5%
xyl anase
0.4 9
S . ohacoense
2n=2x=24 5 , 6 . 106 
(70% v i a b l e )
2%
xyl anase
0 . 3 5
F i g . l  I s o l a t e d  p r o t o p l a s t s
a/  from l e a f  mesophyl l  of  S. tuberosum  (2n=48)  
b/ the same from a d i hapl o i d  s tock (2n=24)  
c /  from l e a f  mesophyl l  of  S .a h a o o en se  (2n=24)  
d/ from c a l l u s  of  S . tu b e r o s u m  (2n=24-84)
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p a r a f i l m - s e a l ed Pet r i  d i s hes  for  18-25 days at  25°C. The 
c u l t u r e s  were i l l u mi n a t e d  d a i l y  f o r  16 hours (500 to 600 l u x ) .  
The c a l l u s e s  formed ( - 1 . 0  mnH) were cut  out  t o g e t h e r  wi th a 
p i e c e  of  agar block and t r a n s f e r r e d  to a s i m i l a r  medium con­
t a i n i ng  no osmoticum.  The c a l l u s e s  were cu l t ured  u n t i l  they  
reached a s i z e  of  2 to 4 mm in diameter (10 to 14 da y s ) .  Then 
they were t r a n s f e r r e d  to an MS medium s u i t a b l e  f o r  the i nduc­
t i on  of  morphogenesi s  (macro- and m i c r o n u t r i e n t s ,  and che l a t e d  
i ron as in MS, vi tamin B] 3 . 0  mg/1 , vi tamin Bg 1 . 0  mg/1 , BAP 
5 . 0  mg/1,  NAA 1 . 0  mg/1,  s ucros e  20 g / 1 , agar 20 g/1 at  pH
5 . 5 - 5 . 6 ) .  A n u r s e - t i s s u e  t echni que  was appl i ed  ( 1 2 ) .  The 
c u l t u r e s  were grown for  an a d d i t i o n a l  12 to 14 days under 
i d e n t i c a l  c o n d i t i o n s  exc ept  t ha t  the l i g h t  i n t e n s i t y  was i n ­
creased to 2 , 500 l ux .  Then the t i s s u e s  were t r a n s f e r r e d  to a 
low phytohormone medium (BAP 0 . 3  mg/1,  NAA 1.0 mg/1) .  The 
shoots  formed,  about 3-5 mm l o ng ,  were removed from the c u l ­
tured t i s s u e  and rooted on a s p e c i a l  medium developed f or  the  
rapid propagat ion of  potato  ( 1 3 ) .  The p l a n t l e t s  were pro­
pagated on the same medium by convent i onal  in v i t r o  c l on i ng  
t e chni ques  and t r a n s f e r r e d  to s o i l  to study t h e i r  p r o p e r t i e s .  
The regenerat ed  p l ant s  were compared with t y p i c a l  p l ant s  of  
the parental  s p e c i e s  and wi th those  of  the sexual  hybrid 
produced in 1 977 (S . tuberosum ( P r i e k u l s k y  r a n i - i ) q x  S.
ohaooense  cf). Peroxi dase  i sozyme and RuDP-carboxylase p o l y ­
pept i de  pat t erns  were i n v e s t i g a t e d  by polyacryl ami de  gel  
e l e c t r o p h o r e s i s  and i s o e l e c t r i c  f o c u s i n g ,  r e s p e c t i v e l y .  The 
pl o i dy  l e v e l  of  the p l ant s  was s t ud i e d  by count i ng the chromo­
some numbers in root  t i p s .  Leaf l obe index v a l u e s ,  the shape,  
dimensions  and c h l o r o p l a s t  content  of  guard c e l l s  were a l s o  
s tud i e d  and compared.
The number of  f u s i o n  event s  in which one p r o t o p l a s t  o f  both 
partners  was i nvo l ved  (1+1) vari ed from 0 . 5  to 1 . 0  %. Mu l t i ­
p r o t o p l a s t  f us i o n  products  i n v o l v i n g  more than one p r o t o p l a s t  
of  one of  the parents  ( 2+1 or 1+2 and other  combi nat i ons )  
were not  v i a b l e .
Hybrid c e l l  l i n e s ,  taking i n t o  c o n s i d e r a t i o n  the f us i o n  f r e ­
quenc ies  in our exper i ment s ,  could be s e l e c t e d  e i t h e r  by i s o ­
l a t i n g  the hybrid c e l l s  and c u l t u r i n g  them in mi cr odr opl e t s  
(14)  or by expos ing the c u l t u r e s  to s e l e c t i v e  c o n d i t i o n s  p er ­
mi t t i n g  the development of  somat i c  hybrids  only (1 ,  2 ) .  To 
t h i s  end,  the s e l e c t i o n  scheme descr i bed in Table 2 was 
a ppl i ed .  This scheme i s  based on: (1)  the i n a b i l i t y  of  c e l l s  
o r i g i n a t i n g  from S. ohaooense  l e a f  mesophyl l  p r o t o p l a s t s  to 
di v i d e  on the basal  MS medium appl i ed  / t h e s e  c e l l s  can,  how­
e v e r ,  d i v i d e  and form c o l o n i e s  from which p l a nt s  can be r e ­
generated on medium "A" ( 8 ) / ;  (2)  the i n a b i l i t y  of  the  
c e l l s  der i v i ng  from the p r o t o p l a s t s  obta i ned from S . tu b e r o s u m  
c a l l u s  t i s s u e  to produce s hoot s  a f t e r  d i v i s i o n  and i n i t i a l  
organogenes i s  on MS medium (with t h i s  s p e c i e s  organogenes i s  
was found only i f  l e a f  protop 1 as is had been used as a 
s t a r t i n g  m a t e r i a l ) .  The hybrid c e l l s  were expec ted to develop  
i nt o  p l ant s  on the s e l e c t i v e  medium, due to g e n e t i c  comp­
l eme nt a t i on .  Indeed,  three  shoots  were obt a i ned.  Two of  them
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TABLE 2. S e l e c t i o n  of  hybrid c e l l  l i n e s  and re g e n e r a t i o n  of  
pl ant s
Solanum tuberosum
P r o t o p l a s t s  from 
c a l l u s  t i s s u e
Murashige-Skoog  
nredi urn
Ce l l s
Colonies
*
Cal lus
No morphogenesi s
Fusion
Murashi ge-Skoog  
medium
iV
Hybrid c e l l s
I
Hybrid c o l o n i e s
i
Somatic hybrid c a l l u s
4Morphogenes i s 
Somatic hybrid p l ant s
Solanum chacoense B i t t .
IV
Leaf mesophyl1 
p r o t o p l a s t s
w
Murashi ge-Skoog  
medium 
y
Ce l l s
IyNo s u s t a i n e d  cel  1 
di v i s i on
were compl e t e l y  devoid of  c h l o r o p h y l l .  These shoots  per i shed  
upon s ep a r a t i o n  from the c a l l u s  t i s s u e .  The t h i rd  s hoot  was 
s u c c e s s f u l l y  rooted and the p l a n t l e t  was m u l t i p l i e d  by v e g e t a ­
t i v e  c l o n i n g .  The morphological  c h a r a c t e r i s t i e s  (Figs.  2 and 3,  
Table 3 ) ,  the perox i das e  i sozyme s p e c t r a ,  and the pept i de  ana­
l y s i s  of  the RuDP-carboxylase have shown that  the p l ant s  are 
hybrids .
A number of  h e r e d i t a r y  t r a i t s  of  the p l ant s  were found to be 
int ermediary  ( e . g .  l e a f  morphology,  p r o p e r t i e s  of  the guard 
c e l l s ,  shape and co l our  of  the t u b e r s ,  l ength of  the v e g e t a t i v e  
p e r i o d ) .  Some c h a r a c t e r s ,  l i k e  the l uxur i ous  ( h e t e r o t i c )  p lant  
development and the l ength of  the s tem,  d i s t i n g u i s h  the  
somat i c  hybrid from both parents  as wel l  as from the sexual  
hybrid.  The d i f f e r e n c e s  between the perox i dase  i sozyme pat t erns  
of  the somat i c  and the sexual  hybrids  are worth ment ioning  
because they might i n d i c a t e  the hybrid nature of  the cytoplasm 
of the somat i c  hybrid.
The a n a l y s i s  of  the po l y pept i de  pat tern of  RuOP-carboxy1ase  
has shown that  the p o l y p e p t i d e s  of  the small  s ub- un i t  of  the 
enzyme i s o l a t e d  from the somatic hybr id,  correspond to the 
e x p r e s s i o n  both S. tuber osum  and S. chaooense  nuc lear  genes .
This proves that  the p l ant  i s  indeed a somatic hybrid of  the  
two potato  s p e c i e s .
The somat i c  hybrid has about 60 chromosomes ( i n s t e a d  of  the  
expected 72) .  We s u g g e s t  that  the hybrid p l ant  i s  a f us i o n  
product  of  mesophyl l  p r o t o p l a s t s  of  S. ohaooense  (2n=24) and
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c a l l u s  p r o t o p l a s t s  of  S. tuberos um,  which conta i n  36 chromo­
somes (about  15% of  the c a l l u s  c e l l s  were shown to conta i n  
36 chromosomes).  I t  i s  a l s o  p o s s i b l e  t ha t  some chromosomes 
were l o s t  during the c u l t u r e  of  c a l l u s  t i s s u e  obtai ned from the  
hybri  d c e l l  ( 1 ,  3) .
To sum up: methods have been worked out to fuse  p r o t o p l a s t s  
i s o l a t e d  from two potato  s p e c i e s ,  s e l e c t  the hybrid c e l l s ,  
and regenerat e  p l ant s  from them. Some of  the morphological  
and biochemical  p r o p e r t i e s  of  the somat i c  hybrid d i f f e r  from 
those  of  the corresponding sexual  hybrid.
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Fig.  2 Morphology of
a) S. tuberosum var.  Pr i ekul s ky  ranni i
b) somat i c  hybrid
c)  S . chacoense
d) sexual  hybrid (S. tuberosum <ji x S . c h a ­
coense o )
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F i g . '  3 Tubers :
a) S. tuberosum
b) somatic hybrid
c) S . chacoense
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TABLE 3. Some morphological  and biochemical  p r o p e r t i e s  of  the  
parental  s p e c i e s  and the somat i c  hybrid
Pro p e r t i e s S . tuberosum S . chacoense Somatic hybrid
Plant Middle si  zed Middle s i  zed Large,  non- l odg-
r e a d i l y  l o d g ­
i ng ,  mult i  - 
caul i s
no n- l o d g i n g ,  
1-2  stems
i ng ,  mul t i  ca u l i  s
Stem S t r a i g h t  (up S t r a i g h t  (up S t r a i g h t ,  high
to 0 . 5  m high) to 0. 6  m) (up to 1 m)
Leaf Green,  3 - 4 - p a i r - Dark-green . Dark-green,  4-5
e d , up to 20 cm 4 - 5 - pa i  r e d , p a i r e d ,  up to
1 ong . S l i g h t l y up to 20 cm. 30 cm. Highly
d i s s e c t e d . Highly d i s - and moderately
Lobules are s e c t e d ,  no di s s e c t e d .
rounded. l o b u l e s . Lobules are
Downiness i s Downiness is rounded.  Downi-
weak,  hairs weak,  hairs ness  i s  weak ,
are l ong. are s h o r t . hairs  are l ong.
Leaf index 1 .32 2. 10 1 .42
Guard c e l l
dimens ions 51 26 62
( ave rage )
T ubers White,  rounded- White wi th a White wi th a
- o v a l ,  middle v i o l e t  t i n t . v i o l e t  t i n t ,
(up to 80 g) Shape i s  d i ­
v e r s e ,  very 
small  (up to 
5 g)
rounded-oval  
smal 1 ( up to 
30 g)
Starch
content  {%) 9.16 13.61 10.64
S e n s i t i v e n e s s  
to Pektobac-  
terium phyto-
phtorum 4. 6 0 1 .6
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ABSTRACT
Two p r i n c i p l e  methods f o r  the s e l e c t i o n  of  i n t e r s p e c i f i c  somatic  
hybrids  wi th i n  the genus Datura  and of  á n t e r g e n e r i c  somatic  
hybrids  between D. i n n o x i a  and Atropa b e l l a d o n n a  are des cr i bed .  
F i r s t ,  the use of  ch l orophy l l  d e f i c i e n t  mutants for  complementa­
t i o n  s e l e c t i o n .  The second method i s  based on the obs ervat i on  
t ha t  the somat i c  hybrids  obtained by the complementat ion s e ­
l e c t i o n  show a more v i gorous  growth pat tern in the c a l l u s  s tage  
than the non-hybrid c a l l i .  The more v i gorous  growth pat tern of  
the hybrids  can be used for  t h e i r  i d e n t i f i c a t i o n .
It  i s  a great  problem in somat i c  h y b r i d i s a t i o n  experiments  to 
s e l e c t  the hybrids a f t e r  t h e i r  development .  De t ec t i on  at  an 
e a r l y  s t age  of  development would be advant ageous . For t h i s  pur­
pose in the l a s t  f i v e  years  s everal  s e l e c t i o n  systems have been 
e s t a b l i s h e d .  Suc c e s s f u l  in ea r l y  d e t e c t i o n  of  somat i c  hybrids  
in a d d i t i o n  to other  methods was the combination of  d i f f e r e n t  
biochemical  mutants as auxotrophic  ( 1 ) or ch l orophy l l  d e f i c i ­
ent  mutants (2)  and mutants r e s i s t a n t  to drugs ( 3 ) .  Also  
s u c c e s s f u l  was the f us i on  of  p r o t o p l a s t s  of  ch l orophy l l  de­
f i c i e n t  mutants with wi ld type p r o t o p l a s t s  which are unable to 
di v i de  under the chosen cu l t u r e  c o n d i t i o n s  as was f i r s t . d e ­
monstrated on P e t u n i a  ( 4 ) .  In t h i s  case  green hybrid p l ant s  
were obtained by combination of  p r o t o p l a s t s  of  the green 
wi ld type of  P. p a r o d i i  which showed under the same cu l t u r e  
c o ndi t i on  only development i n t o  small  c e l l  c l u s t e r s .  The po­
t e n t i a l  f or  regenerat i on  of  P . h y b r i d a  was dominant in the 
hybrid c e l l s .
For appl i ed  purposes ,  e s p e c i a l l y  in p l ant  breedi ng ,  the use of  
mutants i s  u n p r a c t i c a l ,  s i nc e  normal ly such mutants are not  
e a s i l y  a v a i l a b l e .  S e l e c t i o n  methods which are independent  of  
mutants would be a d v a n t a g e o u s . l t  i s  wel l  known that  s e x u a l l y  
produced hybrids o f t en  show a more vigorous  growth pat tern  
than the parental  p l ant s  ( 5 ) .  We could observe on severa l  i n ­
t e r s p e c i f i c  and i n t e r g e n e r i c  somatic hybrids  of  the genera
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Datura and Atropa t h a t  t h i s  h e t e r o s i s  e f f e c t  can be expressed  
al ready in the c a l l u s  s t a g e .  Perhaps t h i s  phenomenon would be 
a good marker f or  an e a r l y  i d e n t i f i c a t i o n  of  somatic hy br i ds ,  
being independent  of  s p e c i a l  g e n e t i c  markers.  The hybrids  
were s e l e c t e d  e i t h e r  by the combinat ion of  ch l orophy l l  d e f i c i ­
ent  mutants from which the p r o t o p l a s t s  can be regenerat ed  to  
s hoot s  wi th wi ld type p r o t o p l a s t s  which are unable to d i v i d e ,  
or by the combinat ion o f  such mutants with e a r l y  d e t e c t a b l e  
morphological  markers ( 6 , 7,  8 , 9 ) .  In the f o l l o wi n g  paragraphs  
I w i l l  d e s c r i b e  some d e t a i l s  o f  the s e l e c t i o n  of  somat i c  hybrids  
by the use of  ch l o ro phy l l  d e f i c i e n t  mutants and a d d i t i o n a l l y  I 
w i l l  g i v e  an out l ook how presumptive somat i c  hybrids  s e l e c t e d  
only by t h e i r  v i gorous  growth pat t ern  can be determined as real  
somat i c  hybr ids .
Three d i f f e r e n t  ch l o ro phy l l  d e f i c i e n t  mutants o f  D. innoxia 
from which one was t e t r a p l o i d  (4n = 48,  7 / 1 N, ) and two were 
d i p l o i d  (2n=24,  A1/ 5 a and A7/is) were used for  the exper i ment s .  
The p r o t o p l a s t s  of  a l l  the mutants were e n z y ma t i c a l l y  i s o l a t e d  
from l e a v e s  of  a s e p t i c  shoot  c u l t u r e s  grown on agar medium B5 
according to Gamborg e t  a l . (10)  supplemented with lmg/1 BAP. 
They can be regenerat ed  in V47 medium according to Binding
( 1 1 )  . For the i s o l a t i o n  of  p r o t o p l a s t s  from the Datura s p e c i e s  
D. stramonium and D. discolor and from both the t r e e  Datura 
s p e c i e s  D. sanguinea and D. Candida ( a l l  not  c r o s s a b l e  with 
D. i n n o x i a ) a s e p t i c  shoot  c u l t u r e s  served as the source for  
p r o t o p l a s t s .  The wi ld type p r o t o p l a s t s  of  t he s e  Datura s p e c i e s  
are unable to regenerat e  in the V47 medium. As e p t i c  shoot  
c u l t u r e s  grown on agar medium B5 of  A. belladonna a l s o  served  
as the source for  p r o t o p l a s t s .  But in t h i s  case  only a low % 
of  t h e i r  p r o t o p l a s t s  i s  able  to s t a r t  d i v i s i o n s  and form 
c a l l i .  The f us i o n  of  the p r o t o p l a s t s  was undertaken as d e s c r i b ­
ed e a r l i e r  ( 6 , 7,  8 , 12) .
Hybrid c a l l i  were s e l e c t e d  a f t e r  t r a n s f e r  o f  deve l opi ng  c e l l  
c l u s t e r s  to agar medium B5 supplemented with lmg/1 BAP. Ca l l i  
with a s i z e  of  l - 2mm o r i g i n a t i n g  from wi ld type p r o t o p l a s t s  of  
D. innoxia became green a f t e r  30 days of  c u l t u r e  on t h i s  medium
( 1 2 )  . Cal l i  o r i g i n a t i n g  from f u s i o n s  between.a ch l o ro phy l l  de ­
f i c i e n t  mutant o f  D.innoxia and of  the wi ld type p r o t o p l a s t s
of  one of  the mentioned other  Datura s p e c i e s  behaved s i m i l a r l y .  
Since  the green wi ld type p r o t o p l a s t s  of  the used s p e c i e s  can­
not r e g e n e r a t e ,  cons equent l y  green c a l l i  could be picked out as 
presumptive hybr i ds .  They were t r a n s f e r r e d  to f r e s h  agar medium 
B5 for  f ur t he r  c u l t i v a t i o n .  Since a low y i e l d  of  the wi ld  
type p r o t o p l a s t s  of  A. belladonna are able  to regenerat e  in the  
V47 medium another s e l e c t i o n  method must be used which i s  based 
not only  on the green co l our  of  the somatic hybr ids .  S i mul t a ­
neous ly  with the appearance of  the green co l our  of  the wi ld  
type p r o t o p l a s t s  of  D. innoxia a product ion of  ha irs  can be 
observed,  whereas A. belladonna shows no hairs  at  any d e ­
velopmental  s t a g e .  The s e l e c t i o n  of  somat i c  hybrid c a l l i  was 
p o s s i b l e  by t h e i r  green co l our  coded by the genome of  A. bella­
donna and by the product ion of  hairs  coded by the genome of  
D. innoxia (8).
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In a l l  cas e s  where p r o t o p l a s t s  of  a ch l o ro phy l l  d e f i c i e n t  
mutant of  D. innoxia were fused wi th the wi ld type p r o t o p l a s t s  
of  one of  the above mentioned datura s p e c i e s ,  s eve ra l  green 
c a l l i  could be s e l e c t e d .  Al s o ,  somatic hybrid c a l l i  showing a 
green co l our  and a d d i t i o n a l l y  the product ion of  ha i r s  were 
found a f t e r  f us i on  and re g e n e r a t i o n  of  p r o t o p l a s t s  of  c h l o ­
rophyl l  d e f i c i e n t  mutants of  D. -innoxia and o f  the wild- type  
o f  A. belladonna. The chromosome numbers ranged from t e t r a -  
p l o i d  to o c t o p l o i d ,  but s eve ra l  aneupl o i d  somat i c  hybrid l i n e s  
could a l s o  be d e t e c t e d .  A very i n t e r e s t i n g  obs erv a t i o n  was 
made during s e l e c t i o n  of  the somat i c  hybr i ds .  Most of  the  
hybrid c a l l i  e s p e c i a l l y  the eupl o i d  hybrids  showed a more 
vi gorous  growth pat t ern  than the non-hybrid c a l l i  which had 
developed synchronous l y  (F i g .  1 ) .  This cannot  j u s t  be the  
r e s u l t  o f  the h igher  p l o i dy  l e v e l ,  s i nc e  t h i s  phenomenon was 
not observed amongst i n t r a s p e c i f i c  somat i c  hybrid c a l l i  de­
veloped from fused p r o t o p l a s t s  of  two d i f f e r e n t  ch l orophy l l  
d e f i c i e n t  mutants of  D.innoxia.
INTERS PE CIF IC AND INTERGENERIC SOMATIC HYBRIDISATION
Fi g.  1.  Somatic hybrid c a l l i  of  D.innoxia + D.sanguinea 
(A) and D. Candida (B) ,  r e s p e c t i v e l y ,  surrounded 
by smal l er  c a l l i  of  D. innoxia
Pl ant s  which could be regenerated from t e t r a p l o i d  somatic  
hybrid c a l l i  of  D.innoxia + D. stramonium and D. discolor, 
r e s p e c t i v e l y ,  a l s o  show a more v i gorous  growth pa t t e r n .  They 
are f e r t i l e  and produce f r u i t s  and v i a b l e  s e e ds .  Out of  the  
seeds  p l ant s  could be obta i ned which show in most cases  the  
phenotype of  the o r i g i n a l  produced somatic hybr ids .  The 
amphidiploid somatic hybrids  of  D. i n n o x i a  + D. s a n g u in ea
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are unable to produce r o o t s .  Moreover,  shoots  gra f t ed  in the 
greenhouse show o f t en  tumorous t i s s u e  producing t eratomat as .  
Ca l l i  of  these  somat i c  hybrids  are auxin autotrophs  s i mi l a r  to 
those des cr i bed  for  some sexual  hybrids of  the genus Nicotiana 
( 1 3 ) .  The somat i c  hybrids  D. innoxia + V. Candida are able to 
produce r o o t s ,  but they are not y e t  f l o we r i ng .  Further i n v e s t i ­
g a t i o ns  concerning f e r t i l i t y  and v i a b i l i t y  of  the seeds  must be 
undertaken.  During cu l t u r e  of  more than ten months the somatic  
hybrids of  d . innoxia + A. belladonna were not able to produce 
wel l  developed s h o o t s .  Only f l e s h y  l eaves  could be regenerat ed .  
But a f t e r  t ha t  time some of  the somatic hybrid l i n e s  s t a r t e d  
to form root s  and embryoids.  These f a c t s  s t i mu l a t e  optimism 
to ge t  p l ant s  in the f u t ure .
In the beginning I mentioned t hat  the observed vigorous  
growth pat t ern  of  the i n t e r s p e c i f i c  somat i c  hybrid c a l l i  could  
perhaps be used as a marker for  the s e l e c t i o n  of  the hybrids .  
The s e l e c t i o n  of  the c a l l i  growing bes t  should d e l i v e r  p re ­
dominant ly somatic hybr ids .  Of cours e ,  h e t e r o s i s  cannot  be 
expected in a l l  combi nat i ons ,  but in such combinat ions  where 
i t  i s  the c a s e ,  one i s  independent  of  other markers e . g .  
ch l orophy l l  d e f i c i e n c y .  A s e l e c t i o n  system which i s  based on 
the vigorous  growth pat tern of  the somatic hybrids  f a c i l i t a t e s  
the p o s s i b i l i t y  to combine somat i c  h y b r i d i s a t i o n  with c l a s s i c a l  
breeding methods as proposed by Wenzel e t  al. (14)  for  the  
pot a t o .  But the s e l e c t i o n  of  c a l l i  which show a more vigorous  
growth pat tern can only be the f i r s t  s t ep  in f i n d i n g  the 
hybr ids .  One should expec t  that  t o g e t her  wi th hybrid c a l l i ,  
non-hybrid c a l l i  w i l l  a l s o  be s e l e c t e d .  To avoid the re genera­
t i on  of  a l l  the s e l e c t e d  c a l l i  to complete p l a n t s ,  ad d i t i o n a l  
scr een i ng  methods are nece s s a ry .  In cases  where p r o t o p l a s t s  of  
s p e c i e s  which pos s es s  a d i f f e r e n t  s i z e  of  t h e i r  chromosomes 
are fused i t  i s  r e l a t i v e l y  e a s y , by  i n v e s t i g a t i o n s  of  m i t o s i s ,  
to c l a r i f y  whether the s e l e c t e d  c a l l i  are hybrids or not .  This  
i s ,  for  example,  the case in somat i c  hybrids of  D. innoxia +
+ A. belladonna. But in most cas e s  a d i f f e r e n t  s i z e  of  the  
chromosomes of  the parental  p l ant  s p e c i e s  used i s  not  p re s e nt .  
Other methods for  the f i n a l  i d e n t i f i c a t i o n  of  the hybrids  
must be employed.
Power e t  a l .  (3)  introduced i soenzyme i n v e s t i g a t i o n s  for  d i s ­
t i n g u i s h i n g  somatic hybr ids .  Such i n v e s t i g a t i o n s  seem to be 
an e x c e l l e n t  method e s p e c i a l l y  in cases  where the somatic  
hybrids  are s e l e c t e d  only by t h e i r  v i gorous  growth pat t e rn .
For the genus Datura we have found that  the amylases  seem to 
be the b e s t  markersfor the i d e n t i f i c a t i o n  of  somatic hybrids
(15 ) .  As ept i c  shoot  c u l t u r e s  of  the Datura s p e c i e s  and the  
somat i c  hybrids  mentioned above were taken f or  the preparat ion  
of  enzyme e x t r a c t s .  Separat i on of  the enzymes was made wi th  
acrylamide g e l s  in the presence  of  s t a r c h .  Af t er  e l e c t r o ­
pho r es i s  the g e l s  were kept for  lh in a moi s t  chamber to 
al low the amylases  to d i g e s t  the s t a r c h .  Af t er  that  time the 
g e l s  were t r a n s f e r r e d  to 12 s o l u t i o n .  Transparent  bands i n d i ­
cated amylase a c t i v i t y .  The d i f f e r e n t  Datura i p e c i e s  p o s s e s s ,  
in most c a s e s ,  only one t rans parent  band r e pr es ent i ng  amylase
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a c t i v i t y ,  except  D. sanguined and D. metel which p o s s e s s  a 
second but weak band.  In most cas e s  the e l e c t r o p h o r e t i c  pat tern  
o f  the amylases  of  the d i f f e r e n t  s p e c i e s  i s  not  i d e n t i c a l .  In 
the four  somat i c  hy br i ds ,  two t r a ns pa re nt  bands r e pr e s e n t i n g  
amylase a c t i v i t y  were always observed.  In each somat i c  hybrid  
l i n e  i n v e s t i g a t e d  one of  t he s e  two bands was i d e n t i c a l  with 
that  of  the correspondi ng parental  p l ant  s p e c i e s  (F i g .  2) 
used f o r  the h y b r i d i s a t i o n  exper iment s .
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Fig.  2. Acrlyamide gel  pherogram of  the amylases  from severa l  
Datura s p e c i e s  (punctated graphs r e pr e s e n t  f u l l y  e x ­
pressed bands and whi te  graphs weak bands)  and from 
four somat i c  hybrids  (black bands) .
We have a l ready s t a r t e d  experiments  to s e l e c t  somat i c  hybrids  
of  the genus Datura using the v i gorous  growth pat tern as a 
marker.  I n v e s t i g a t i o n s  of  the amylase i soenzymes of  the  
s e l e c t e d  c a l l i  as the second s t ep  of  s e l e c t i o n  s ha l l  s erve  
for  the f i n a l  i d e n t i f i c a t i o n  of  the somat i c  hybrids .
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ABSTRACT
Green p l ant s  have been r e d i f f e r e n t i a t e d  a f t e r  f us i o n  of  a l b i no  
car rot  [Vaue.uA eah.ota)  p r o t o p l a s t s  wi th i n a c t i v e  l e a f  p r o t o ­
p l a s t s  of  AegopocLtum podagh.ah.ia  and Ve.th.oA e l in u m  hoh.te.nAe. 
Ch a r a c t e r i z a t i o n  of  p l ant s  having ca r r o t  karyotype ( 2 n = 18) has 
revea l ed  the t r a n s f e r  of  nuc lear  markers from the i n a c t i v e  
partners  i n t o  the a l bi no  c a r r o t .  Gene t r a n s f e r  v i a  f us i on  of  
d i v i d i n g  and m i t o t i c a l l y  i n a c t i v e  p r o t o p l a s t s  w i l l  be d i s c u s s ­
ed as a method for  g e n e t i c  manipulat ion of  higher p l a n t s .
INTRODUCTION
In r e cent  years  s i g n i f i c a n t  progress  has been made in somatic  
h y b r i d i z a t i o n  of  higher p l a nt s  via p r o t o p l a s t  f u s i o n .  Para-  
sexual  i n t e g r a t i o n  of  complete parental  genomes has been s u c c ­
e s s f u l l y  achi eved in d i f f e r e n t  i n t e r s p e c i f i c  ( 1 - 7 )  and i n t e r ­
ge n e r i c  ( 8 - 9 )  f us i o n  combi nat i ons .  Several  at t empts  at  c e l l  
f u s i o n ,  however,  have f a i l e d  to r e s u l t  in hybrid p l ant s  ( 10- 
- 1 3 ) .  These o b s e r v a t i o n s ,  as wel l  as the r e s u l t s  o f  c y t o l o g i c -  
al s t u d i e s  on hybrid c e l l  l i n e s  (14)  i n d i c a t e  an e x p r e s s i o n  of  
somat i c  i ncompat i bl e  r e sponses  at  var i ous  s t a g e s  of  somatic  
h y b r i d i z a t i o n .  Cons idering a p o s s i b l e  e f f e c t  of  i ncompat i bl e  
r e a c t i o n s ,  reduct i on  in the s i z e  of  the introduced genome can 
be proposed as an approach to bypass ing g e n e t i c  b a r r i e r s  a c t ­
ing in fused somat i c  c e l l s .  The t echni ques  have not  y e t  been 
developed for  g e n e t i c  manipulat ion wi th i s o l a t e d  nuc l e i  ( 1 5 ) ,  
pl ant  chromosomes or genes .  The method of  p r o t o p l a s t  f u s i o n ,  
however,  o f f e r s  var i ous  a l t e r n a t i v e s  for i n t roduc i ng  only  
part  o f  the plant  genome. In t h i s  paper we s ugges t  the f us i on  
between d i v i d i n g  and m i t o t i c a l l y  i n a c t i v e  p r o t o p l a s t s  to t r a n s ­
f er  nuc lear  markers.
METHODS
The p l ant  mater i al  and a l l  d e t a i l s  o f  the t echni ques  of  p r o t o ­
p l a s t  i s o l a t i o n ,  f us i on  and c u l t u r e  have been descr i bed pre-  
vi ous ly  (7 , 16,  17) .
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RESULTS
Ch a r a c t e r i z a t i o n  of  the a l b i no  Vaucui  c a A o t a  mutant used as 
a c t i v e  f us i o n  partneF
In the pres ent  somat i c  h y b r i d i z a t i o n  ex per i ment s ,  the s e l e c t i o n  
system has been based on g e n e t i c  complementat ion of  an a l b i no  
c a r ro t  mutant found- in  an M2 p l ant  popul at i on  a f t e r  t reatment  
of  seeds  of  "Nantai se  Slendero" c a r ro t  v a r i e t y  wi th e t h y l -  
methansulphonate (EMS). The suspens i on  c u l t u r e s  e s t a b l i s h e d  
from the whi te  s e e d l i n g  were h i gh l y  embryogenic.  The a l b i no  
phenotype was maintaned in r e d i f f e r e n t i a t e d  p l a nt s  cu l t ured  on 
complete medium ( 7 ) .  In the l e a v e s  of  t hes e  a l b i no  p l a n t s ,  the 
p l a s t i d s  were u n d i f f e r e n t i a t e d  and f a i l e d  to develop a l ame l l ar  
system.  The mutant did not s y n t h e s i z e  ch l orophy l l  and the lack  
of  p r o t o c h l o r o p h y l 1 ide accumulat ion in dark grown l eaves  i n ­
d i c a t ed  a block in ch l o ro phy l l  b i o s y n t h e s i s .  An i ncreas ed  f o r ­
mation of  car o t e n o i ds  wi th a- i onon r i ngs  was d e t e c t e d  in a l bi no  
l e a v e s  (16 ) .
The g e n e t i c  c h a r a c t e r i z a t i o n  of  t h i s  mutant has been performed 
by s e g r e g a t i o n  a n a l y s i s  of  sexual  progeni es  of  soma t i c  hybrids  
between t h i s  a l b i no  V . c a x o t a  ( 2 n = 18) and V . c a p l l l i J o l i i n  
( 2 n = 18) ( 7 ) .  The observed s e g r e g a t i o n  (34 green : 1 a l b i n o )  
i n d i c a t e d  the nuc lear  de t ermi nat i on  of  mutat ion.  Extens i ve  
s t u d i e s  have been carr i ed  out  to t e s t  the s t a b i l i t y  of  t h i s  
a l b i no  mutant.  Summarising re c e nt  r e s u l t s  we have found no 
green r e v e r t a n t s  from 2 x l 0 8 a l b i no  p r o t o p l a s t s .  Albino c e l l  
c u l t u r e s  were a l s o  r e t r e a t e d  with 0 . 2  % EMS s o l u t i o n  for  24 
hours .  Af t er  2 weeks e x p r e s s i o n  p e r i o d ,  p r o t o p l a s t s  ( 7 . 9 x l 0 6 ) 
were i s o l a t e d  and c u l t u r e d .  The EMS treatment s  f a i l e d  to i n ­
duce back mutat ion in regenerat ed  embryos.  The lack of  spontan­
eous and induced r e v e r s i o n  and s i mul taneous  a l t e r a t i o n  of  
var i ous  b i o s y n t h e t i c  pathways i n d i c a t e s  that  t h i s  mutat ion  
mi ght be a d e l e t i  on .
Fusion wi th non- d i v i d i n g  Ae. podagAa t i i a  l e a f  p r o t o p l a s t s
Pl ant s  have been regenerated from green c a l l i  developed a f t e r  
i n t e r g e n e r i c  p r o t o p l a s t  f us i o n  of  a l bi no  V . c a A o t a  and normal 
green A e , .  po daQfta.fi.Za. ( 1 6 ) .  Despi te  the f a c t  t ha t  the s e l e c t e d  
pl ant s  ( de s i g n a t e d  CAPO p l a n t s )  pos s e s s ed  V . c a K o t a  chromosomes 
(2 n = 18) c e r t a i n  Az.podagA.aA. ia  markers were re t a i ne d  in t hes e  
p l a n t s .  On the ba s i s  of  control  exper iments  i n d i c a t i n g  the 
l ack o f  back mutat ion in a l bi no  p r o t o p l a s t s ,  the green pheno­
type in s e l e c t e d  p l a nt s  was supposed to be the r e s u l t  of  
g e n e t i c  c o r r e c t i o n  by the Az.podag A.aAia  parent .  S i n c e ,  the  
a l b i no  phenotype i s  the r e s u l t  o f  nuc lear  mutat ion and in the  
s e l e c t e d  p l ant s  no s e g r e g a t i o n  or v a r i e g a t i o n  was observed i t  
was sugges t ed  t hat  nuc lear  complementat ion was r e s p o n s i b l e  for  
r e s t o r a t i o n  of  greeni ng .  However,  cybrid formation vi a  mai nt e ­
nance of  i nt roduced A z . pod ag AaA ia  c h l o r o p l a s t s  could not  be 
compl e t e l y  exc l uded.  The re f ore ,  the c h l o r o p l a s t  DNAs have been 
c h a r a c t e r i z e d  by t h e i r  EcoRI r e s t r i c t i o n  pat tern ( 1 7 ) .  The 
pat tern of  EcoRI fragments  of  chi-DNAs from CAPO p l ant s  and
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from V.ccLKota were found to be i d e n t i c a l .  The d e t e c t i o n  of  
u l t r a s t r u c t u r a l l y  normal ca r r o t  c h l o r o p l a s t s  in CAPO pl ant s  
provided an a d d i t i o n a l  i n d i c a t i o n  for  nuc lear  complementat ion.
Further c h a r a c t e r i z a t i o n  of  regenerat ed  green p l ant s  revea l ed  
the appearance of  A&.podagfiasila. s p e c i f i c  markers , i n  root  d e ­
velopment and in root  c a r o t e n o i d s .  Dev i at i on  from the t y p i c a l  
car rot  root  development  has been observed on young CAPO embryos 
grown in hormone f r e e  medium ( F i g .  1 ) .  At a l a t e r  s t a g e ,  shoot s
and p l a n t l e t s  have f r e q u e n t l y  been d i f f e r e n t i a t e d  from the tap 
root s  of  CAPO pl ant s  on hormone f r e e  medium. Plant  re generat i on  
from root s  was not observed on car rot  p l ant s  cu l tured  under the 
same c o n d i t i o n s .  Like the Ac. po dagA.aA.-la p l a n t s ,  the CAPO pl ant s  
formed whi te  root s  in which neurosporene was accumulated in 
c o n s i d e r a b l e  q u a n t i t i e s  ( 1 6 ) .  S i mi l ar  neurosporene accumulat ion  
has not been de t e c t e d  in whi te root s  of  somat i c  hybrids  between 
the same a l b i no  mutant of  car ro t  and Vauciu c a p - i l l i& o & I u i . This  
i n d i c a t e s  that  the enhanced neurosporene accumulat ion in CAPO 
pl a n t s  i s  determined by the Ac. podagticuiia partner .
Because of  the a bno r ma l i t i e s  in p l ant  development-and in 
f l o we r - f o r ma t i o n ,  the CAPO pl ant s  were not able  to produce  
sexual  progeny.  In order to reduce the observed d e f e c t s  somat i c  
back h y b r i d i z a t i o n  i s  being car r i ed  out  by f us i on  between non-  
- d i v i d i n g  CAPO l e a f  p r o t o p l a s t s  and c e l l  cu l t u r e  p r o t o p l a s t s  of  
a l b i no  mutants .  The f i r s t  r e d i f f e r e n t i a t e d  green p l a n t s  were 
found to be more v i a b l e  ( Fi g .  2 ) .  These p l ant s  could be t r a n s ­
planted i n t o  the s o i l .  I t  i s  hoped that  a f t e r  a sexual  c y c l e ,  
the g e n e t i c  a n a l y s i s  o f  CAPO p l ant s  can be completed.
Fig.  1
Root development of  young embryos
A. /  Albino mutant B. /  CAPO C. /  Normal ca r r o t
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Fig.  2
Phenotype of  a f l ower i ng  CAPO pl ant  (A) and of  a 
pl ant  regenerated a f t e r  back h y br i d i z a t i o n  with 
the a l b i no  mutant (B)
X-ray i r r a d i a t e d  l e a f  p r o t o p l a s t s  of  P etn .o ie tin .w m  k o n t e m e  as 
nuclear  donors
In f ur t her  s t u d i e s  on i n a c t i v e  n uc l e i - med i a t e d  complementat ion  
the p r o t o p l a s t s  of  the a l bi no  mutant ( 4 x 1 0 s ) were fused with 
l e a f  p r o t o p l a s t s  of  P e tn o  i  e l in u m  koA.te.nie. ( 2 x 1 0 s ) .  To induce  
the e l i mi n a t i o n  of  the i n a c t i v e  genome, the l e a f  p r o t o p l a s t s  
were exposed to X-ray i r r a d i a t i o n  (9Kr) pr i or  to f u s i o n .  The 
two green c a l l i  i s o l a t e d  a f t e r  the f us i on  had the same chromo­
some number as car ro t  (2n=18) .  Af t er  a prolonged cu l t ure  
period on i nd u c t i v e  - hormone f r ee  - medium, p l a n t l e t s  with 
small  l eaves  have been d i f f e r e n t i a t e d  from c a l l i  o f  one of  the 
s e l e c t « d  l i n e s  (Fi g .  3 ) .
These p l a n t l e t s  were s i g n i f i c a n t l y  d i f f e r e n t  from the pre ­
v i o u s l y  descr i bed CAPO p l a n t s .  In primary c e l l  c u l t u r e s  i n i t i ­
ated from the l eaves  of  the regenerated p l ant s  embryogenesi s  
was very poor.  The pat tern of  c h l o r o p i a s t  DNA fragments  a f t e r  
EcoRI d i g e s t i o n  showed the presence of  ca r r o t  c h l o r o p l a s t s  in 
s e l e c t e d  green c a l l i  ' (17).  This f i nd i ng  s u g g e s t s  nuc lear  
complementat ion i ns t ead  of  r e s t o r a t i o n  of  p ho t o s y nt h e t i c  
apparatus through maintenance of  P etA .o ielinu .rn  WoA.ten.ie  c h l o r o ­
p l a s t s .
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Fig.  3
Morphology of  a green p l a n t l e t  (B) r e d i f f e r e n t i a t e d  
a f t e r  f us i on  of  p r o t o p l a s t s  of  a l bi no  VaucuA eaAota  
(A) and Pe.tA.oA eZtnum koAtenAe  (C)
The f ur t he r  d e t a i l e d  c h a r a c t e r i z a t i o n  of  the r e d i f f e r e n t i a t e d  
p l a n t l e t s  has been hindered by the high l e t h a l i t y  of  the 
d i f f e r e n t i a t i n g  t i s s u e s .
DISCUSSION
The presented data show two examples of  r e s t o r a t i o n  of  the 
green phenotype in a s t a b l e  a l b i no  carrot  mutant by t r a n s ­
f e r r i n g  nuc lear  markers through f us i on  of  m i t o t i c a l l y  i n a c t i v e  
p r o t o p l a s t s .  In both i n t e r g e n e r i c  f us i on  co mbi na t i o ns , 'the 
regenerated green p l ant s  pos s e s s ed  carrot  chromosomes (2n=18) ,  
whi l e  the phenotypic  e f f e c t s  of  c e r t a i n  genes from the i n ­
a c t i v e  partners  could be d e t e c t e d .  In c o n t r a s t  to the somatic  
hybrids  produced p r e v i o u s l y ,  the data descr i bed here i n d i c a t ­
ed the e l i mi n a t i o n  of  one parental  genome - the i n a c t i v e  one - 
al though charac ter s  have been introduced i nt o  the a l bi no  
car rot  mutant.  In the present  experiments  with l e a f  p r o t o ­
p l a s t s  the e l i mi n a t i o n  process  has been a c c e l e r a t e d  by 
f us i on  o f  i n a c t i v e  or X-ray i r r a d i a t e d  p r o t o p l a s t s .  I r r a d i a ­
t i on  of  one f us i on  partner has been s u c c e s s f u l l y  appl i ed for  
i nduct i on  of  d i r e c t i o n a l  chromosome e l i mi n a t i o n  in fused  
mammalian c e l l s  (1-8) and in t r a n s f e r r i n g  cy t opl as mi c  male 
s t e r i l i t y  by p r o t o p l a s t  f us i on  ( 1 9 ) .
The phenomenon of  c e l l  f us i on  mediated gene t r a n s f e r  i s  known
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from the r e s u l t s  o f  f u s i o n  exper iments  wi th mammalian c e l l s .  
St udi e s  on the f a t e  of  i n a c t i v e  nuc l e i  o f  chi ck e r y t h r o c y t e s  
in fused c e l l s  revea l ed  t h a t  i f  the chick chromosomes under­
went premature chromosome condensat i on (PCC) they were r e a d i ­
l y  l o s t  a t  m i t o s i s ,  al though chick s p e c i f i c  gene products  
were v e r i f i e d  in t hes e  hybrids  that  conta i ned no d e t e c t a b l e  
chick chromosomes ( 2 0 - 2 3 ) .  Experiments on t r a n s f e r r i n g  genes  
by means of  i s o l a t e d  metaphase chromosomes f r e q u e n t l y  r e s u l t e d  
in c e l l  l i n e s  e x p r e s s i n g  new markers in the absence of  a dd i ­
t i o n a l  chromosomes ( 2 4 - 2 8 ) .
We suppose t hat  in the pres e nt  s tudy i n t erphas e  nuc l e i  o f  i n ­
a c t i v e  l e a f  p r o t o p l a s t s  served as g e n e t i c  donors a f t e r  s t r u c ­
tural  changes caused by i n t e r a c t i o n  between nuc l e i  in he t e ro -  
karyons.  Cyt o l o g i ca l  a n a l y s i s  of  fused p l ant  c e l l s  showed 
m i t o t i c  a c t i v a t i o n  ofnon d i v i d i ng  nuc l e i  by the a c t i v e  p a r t ­
ners (29,  30) .  Occurence of  PCC has been r e c e n t l y  demons trat ­
ed a f t e r  f us i o n  of  m i t o t i c  and i n t erpha s e  p lant  p r o t o p l a s t s  
( 3 1 ) .  P u l v e r i z a t i o n  of  i n t erphas e  r i c e  or wheat nuc l e i  was 
observed three  hours a f t e r  f us i o n  wi th m i t o t i c  wheat p r o t o ­
p l a s t s .  I f  condensat i on  of  chromatin i s  p r e f e r e n t i a l l y  induced 
by m i t o t i c  partners  the f requency of  hybrids with g e n e t i c  
c o n s t i t u t i o n  des cr i bed  in the s tud i ed  f us i on  combinat ions  
depends on the number of  m i t o t i c  p r o t o p l a s t s  taking part  in 
f us i on  e v e n t s .  The r e c e n t l y  appl i ed  methods of  p r o t o p l a s t  
i s o l a t i o n  do not support  the r e l e a s e  of  p r o t o p l a s t s  in m i t o s i s .  
Further development i s  requi red in methods for  i s o l a t i o n  and 
f us i o n  of  synchronized p l ant  p r o t o p l a s t s  to determine the con­
d i t i o n s  under which p r o t o p l a s t  f us i o n  mediated gene t r a n s f e r  
can be r e a l i z e d  wi th an i ncreased  e f f i c i e n c y .
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ABSTRACT
Processes  which occur in p r o l i f e r a t i n g  f us i o n  products  of  p lant  
p r o t o p l a s t s  are d i s c u s s e d .  S e g r e g a t i o n ,  e l i mi n a t i o n  and f us i o n  
o f  c e l l  o r g a n e l l e s  and genophors ,  and recombinat ion of  geno-  
phors ,  are cons i dered .  Some d e t a i l s  are d e a l t  with on the l o s s  
of  chromosomes and the s t a b i l i z a t i o n  of  karyotypes  in f u s i o n  
products  of  Vi c i a  faba + Petunia hybr i da .
Reports on asexual  t r a n s f e r  of  g e n e t i c  i nformat ion in pro-  
and eukaryot i c  systems have been i nc r e a s i n g  rap i d l y  wi th i n  the 
l a s t  few y e a r s .  Bes ides  sexual  r e pr o du c t i u n , p r o t o p l a s t  f us i o n  
i s  s t i l l  the only e f f i c i e n t  way of  combining g e n e t i c  i nforma­
t i o n s  of  higher p l a n t s .  E s p e c i a l l y  i n t e r e s t i n g  in g e n e t i c s  and 
plant  breeding are those  recombinant  c l ones  which conta i n  p re ­
dominantly monotypic genomes with a l i mi t e d  number of  f o r e i g n  
genes .  The g e n e s i s  of  de f i ned  h e t e r o z y g o t i c  f u s i o n  products  i s  
most e a s i l y  achieved by the f us i on  of  p r o t o p l a s t s  which carry  
l a r g e l y  i d e n t i c a l  genomes.  This i s  the case  in i n t r a -  and some 
i n t e r s p e c i f i c  hybr ids .
The combination of  g e n e t i c  mater i al  of  l e s s  c l o s e l y  r e l a t e d  
pl ant s  i s  an e s p e c i a l l y  f a s c i n a t i n g  as pec t  of  exper iments  on 
asexual  recombi nat ion.  At f i r s t  s i g h t ,  p r o t o p l a s t  f us i o n  seems 
not to be an appropr iat e  tool  for  producing v i t a l  c l ones  
because the f us i on  body i s  ext remel y h e t e r o g e n e i c .  The s o l u ­
t i on  to t h i s  problem has been attempted by the f us i o n  of  sub­
p r o t o p l a s t s  ( 1 ) ,  by i n a c t i v a t i n g  the nuc le i  of  one p r o t o p l a s t  
type before  f us i on  ( 2 ) ,  and by e n u c l e a t i o n  of  p r o t o p l a s t s  by 
the a c t i o n  of  c y t o c h a l a s i n  and f us i o n  of  the mi n i p r o t o p l a s t s  
to complete ones ( 3 ) .  The i n t e n t i o n  of  t he s e  experiments  was 
to e l i mi n a t e  s p e c i a l  o r g a n e l l e  types  be fore  f u s i o n .  Organel l es  
are a l s o  e l i mi n a t e d  in p r o l i f e r a t i n g  c e l l s ,  as has been e x ­
t e n s i v e l y  d i s c us s e d  e a r l i e r  ( 4 ) .  Imaginable event s  in the 
fus i on  products  are i l l u s t r a t e d  in a rather  s i m p l i f i e d  way in 
Figure 1.
beginning s e g r e g a t i o n  and e l i mi n a t i o n  of  p l a s t i c s  ( 1 , 5 , 6 )  and 
nuc l e i  (6)  has been found in young f us i o n  products .  The
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BINDING AND NEHLS
Assumptions:  on the l e f t ,  the  
f i r s t  m i t o s i s  o f  the dark 
nucleus  de l ayed;  on the r i g h t ,  
hybrid nuc l e i  formed during  
the f i r s t  synchronized m i t o s i s .
The p l a s t i d s  a f ’e assumed to 
propagate at  equal r a t e s .
I - i s o l a t e d  p r o t o p l a s t  
F - f us i o n  body 
U - uni parenta l  c o n s t i t u t i o n  
DN - heterokaryon  
H N - hybrid
NP - n u c l e u s - p l a s t i d  recombinant  
MP - mixed p l a s t i d  popul at i on  
SP - p l a s t i d  s egregant
Figure 1. Imaginable f a t e s  of  nuc l e i  and p l a s t i d s  in f us i on  
p r o d u c t s .
p r o b a b i l i t y  o f  the re generat i on  of  chimeric  p l ant s  i s  reduced 
even in i n t r a g e n e r i c  hybrids  (7)  by s e g r e g a t i o n  of  the various  
r e s u l t i n g  c l o n e s ,  but a l s o  by t h e i r  d i f f e r e n t  growth c h a r a c t e r ­
i s t i c s .  New combinat ions  of  nuc l e i  and mi tochondria have a l s o  
been obtai ned in regenerated p l a nt s  ( 2 , 8 ) .  H i t h e r t o ,  the t r a n s ­
mi s s i on  of  complete c e l l  o r g a n e l l e s  to the c e l l  progeny of  f u ­
s i on  bodies  has been b r i e f l y  d i s c u s s e d .  Most e f f i c i e n t  reduc­
t i on  of  the g e n e t i c  compl exi ty  i s  achi eved i f  recombinat ion of  
d i f f e r e n t  types  of  c e l l  o r g a n e l l e s  by s e g r e g a t i o n  and e l i m i n a ­
t i on  i s  a s s o c i a t e d  with recombinat ion p ro ce s s e s  between fore i gn  
o r g a n e l l e s  of  one type .  Recombination of  mi tochondri a l  genes  
has been taken i n t o  c o n s i d e r a t i o n  to exp l a i n  d i f f e r e n t  degrees  
of  cyt opl asmi c  male s t e r i l i t y  and mal formations  of  f l owers  ( 9 ) .  
No i n d i c a t i o n  has been obtai ned for  g e n e t i c  i nt erchanges  between 
the p l a s t i d s  of  higher p l a n t s .  E s p e c i a l l y  i n t e r e s t i n g  a l t e r a ­
t i o n s  with re s pe c t  to the reduct ion of  the compl exi ty  of  he t ero -  
gene i c  f us i o n  products  are l o s s  o f  chromosomes and t r a n s l o c a t i o n  
of  chromosomal segments .  These event s  may l ead to c e l l s  in which 
j u s t  one segment of  a f o r e i g n  chromosome i s  l e f t  t o g e t h e r  with  
complete genomes of  one partner .  P r e f e r e n t i a l  e l i mi n a t i o n  of  
chromosomes of  one parent  has been found in somatic hybrids of  
Glycine  max + Ni cot iana glauca ( 1 0 ) .  Two hybrid c l ones  o f  V i c i a 
faba + Petunia h.ybrida have been d i s covered  in c y t o l o g i c a l  i n ­
v e s t i g a t i o n s  of  contaminated popul a t i ons  of  50-day old c a l l u s e s ,  
which conta i ned nuc le i  of  Petunia type and , a d d i t i o n a l l y , only
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one or two Vi c i a  chromosomes most ly l o c a t e d  in the cytoplasm 
(6 ).  The t h i rd FTy brid c e l l  l i n e  of  V i ,c i a + Petunia ( P 7 7 -11 - 7 ) 
has now reached an age of  more than two y e a r s .  Chromosome num­
bers were r e c e n t l y  determined in 30 s u b c u l t u r e s .  The values  
point  to a s t a b i l i z a t i o n  of  the numbers of  Vi c i a  chromosomes at  
17-18 and m u l t i p l e s  of  t he s e  numbers (Figure  2 a , b) .  0-4 Petunia  
chromosomes were present  in c e l l s  o f  the low p l o i dy  l e v e l .  The 
same karyotypes  ( b e s i d e s  o t h e r s )  had been found a l ready  in two-  
-month old c u l t u r e s .  The h i g h e s t  number o f  Petunia  chromosomes,  
12,  was v i s i b l e  in a m i t o t i c  c e l l  which conta i ned about 72 Vicia  
chromosomes.  The Petunia chromosomes f r e q u e n t l y  appeared to  be 
co ncent ra t ed  in a c e r t a i n  area of  the metaphase p l a t e .  Fewer 
chromosomal a berr a t i o ns  have been found in. recent  examinat ions  
than about one year ago.  Some m i t o t i c  f i g u r e s ,  however,  e x ­
h i b i t e d  chromosome fragments  , - anaphase br i dges  and one d i c e n t r i c  
chromosome. I t  seems l i k e l y  t hat  the number of  Vi c i a  chromosomes 
of  17-18 r e pr e s e n t s  a true t r l p l o i d  l e v e l .  This suspi c i on ,  i s  
supported by the presence  of  three  s a t e l l i t e  chromosomes.  The 
other  chromosomes are not d i f f e r e n t i a t e d  in preparat i ons  s t a i n ­
ed with ace tocarmi ne .  Analyses  by the Giemsa C-banding t echni que  
(11)  have s o f a r  revea l ed  no s a t i s f a c t o r y  r e s u l t s .
a b e
Fig.  2 a and b: Mi t o t i c  f i g u r e s  of  the Vicia faba + Petunia  
hvbri  da hybrid c l one  P77-11-7 with 34-36 chromosomes 
o f  Vicia and 4 (a)  and at  l e a s t  7 (b) chromosomes of  
Pet uni a.
c"j A m i t o t i c  f i g u r e  of  a c a l l u s  of  Vicia faba r e g ene ­
rated from the experiment  P77-11 , c o n t a i n i ng  36 chromo­
somes .
The que s t i o n  a r i s e s  whether c e r t a i n  f e a t u r e s  found in f us i o n  
products  are p e c u l i a r  for  t h i s  system or whether adequate  
event s  are found in uni parenta l  c l ones  under equal  c o n d i t i o n s .  
This ques t i on  has been t ackl ed  with r e s p e c t  to the Vicia  
karyotype in the c l one  P77-11-7.  As a r e f e r e n c e ,  the karyo­
types  of  p r o t o p l a s t  der i ved c l ones  o f  Vicia  faba have been 
determined (Table 1) .  The high proport i on of c a l l u s e s  of  
which the chromosome numbers can be reduced approximately  to
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TABLE 1 Chromosome numbers in c a l l u s  c l o nes  o f  Vi c i a  faba
Clone Chromosome Numbers
12! 24!
2 12! 24!
3 12! 24?
4 12 24!
5 24!
6 24!
7 24!
8 24?
9 24! 48
10 24! 48?
11 48?
1 2 48? 96
13 96 !
14 96?
1 5 12 16,17! 32?
16 16
17 18! 36!
18 17! 34?
19 20! 40?
20 36 !
21 36 ! 72!
22 140-150
23 29! 56! 85-90
24 24! 48!
25 24! 48!
26 24! 48?
27 24? 48?
28 24! 36!
29 34!
Numbers of  c a l l u s e s  wi th chromosome numbers which f i t  to
p l o i dy  l e v e l s  o f
2n 3n+2 4n 5n- l  6n+4 8n 10n-4 12n 15n 16n 24n
5 5 15 1 8 8 1 1 1 3 1
Table 1. The c l o nes  No. 1-23 were 24 months o l d ,  the o thers  
20 months.  - (?)  numbers are based on approximat ive  
v a l ue s ;  bare numbers r e f e r  to not more than four  
c a l c u l a t i o n s  at  l e a s t  one being a p r e c i s e  va l ue ;
( ! )  numbers have e x a c t l y  been determined in 1-6  
c e l l s  and were supported by a t o t a l  of  5-30 f i g u r e s .
a t r i p l o i d  l e v e l ,  a.s wel l  as the occurrence  of  t r i p l o i d  c a l l u s  
grown from an exp l ant  of  a d i p l o i d  Vicia  faba embryo (12)  
s t r o n g l y  s ugges t  that  the t r i p l o i d y  in c l one  P77-11-7 r e f l e c t -
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ed a common tendency of  Vi c i a  faba c a l l u s  (Figure 2c ) .
I t  i s  obvious from the presented data and c o n s i d e r a t i o n s  that  
such complex marker system as chromosome morphol ogi es ,  and 
a l s o  pat t erns  of  pro t e i ns  ( c f .  13) or of  DNA c l eavage  products
(9)  are needed for  ana l ys e s  of  l a r g e l y  h e t e ro g ene i c  f us i on  
products .  I t  i s  a l s o  ev i dent  that  de s i red  recombinants  w i l l  be 
achieved only i f  t h e i r  growth and s e l e c t i o n  i s  favoured.
The Deutsche Forschungsgemeinschaf t  supported t h i s  r e s earc h .
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ABSTRACT
A two- s t ep  procedure for  somatic hybrid s e l e c t i o n  based on d i f ­
f e r e n t i a l  phytohormone requirements  of  the parental  s p e c i e s ,  
C i t r u s  and tobacco ,  i s  de s c r i b e d .  The presence  of  w e l l - d e f i n e d  
markers,  enabl i ng s e l e c t i o n ,  i d e n t i f i c a t i o n ,  and c h a r a c t e r i s a ­
t i on  of  somatic hybr i ds ,  s u g g e s t s  the use of  t hes e  s p e c i e s  for  
i n t e r g e n e r i c  somatic h y b r i d i s a t i o n  exper iments .
INTRODUCTION
The use of  p o l y e t h y l e n e  g l y c o l  as a potent  inducer of  p r o t o p l a s t  
f us i on  ( 1 , 2 ) has l a i d  the ba s i s  for  the rapid expansion of  the  
f i e l d  of  somatic h y b r i d i s a t i o n .  Hybrid c e l l  l i n e s  have been r e ­
covered from vari ous  i n t e r g e n e r i c  combinat ions  ( s e e  r e f .  3 for  
l i s t ) .  Morphogenesis  has led to i n t e r g e n e r i c  hybrid p l ant s  with  
"normal" morphology in the case  of  So lan um  t u b e r o s u m  * L y o o p e r -  
s i o o n  e s c u l e n t u m  (41.  Somatic h y b r i d i s a t i o n  of  more d i s t a n t l y  
re l a t e d  s p e c i e s  may lead to the formation of  monsters  wi th d i s ­
tor t ed  morphologies  and various  degrees  of  s t r u c t u r a l  and f unc ­
t i ona l  a b n o r ma l i t i e s ,  as was ex e mpl i f i e d  wi th A r a b i d o p s i s - . B r a s -  
s i o a  somatic hybrids ( 5 ) .
While some of  the i n t r a -  and i n t e r s p e c i e s  somat i c  hybrid 
pl ant s  al l ow scope for  a g r i c u l t u r a l  ( p o t a t o ) ,  h o r t i c u l t u r a l  
( P e t u n i a ) , or pharmaceut ical  ( d a t u r a ) a p p l i c a t i o n s ,  i n t e r g e n e ­
r i c  somatic hybrid c e l l  l i n e s  hold p o t e n t i a l  for  s o m a t i c - c e l l -  
g e n e t i c  s t u d i e s  in higher p l a n t s .  These would deal  with nuclear  
and chromosomal behaviour ,  recombinat ion and s e g r e g a t i o n ,  chro­
mosome mapping,  d i f f e r e n t i a l  gene ex pres s i on  and var i ous  a s pec t s  
of  metabol i c  r e g u l a t i o n ,  d i f f e r e n t i a t i o n ,  and morphogenesi s  - 
to mention only a few.  Work towards t hes e  ends i s  f a c i l i t a t e d  by 
the use of  appropr iat e  p lant  m a t e r i a l ,  expre s s i ng  var i ous  mar­
kers at  various  l e v e l s ,  thus enabl i ng  the i d e n t i f i c a t i o n  of  
somatic hybrid c e l l  l i n e s  and the study of  the d i f f e r e n t i a l  ex ­
pres s i on  of  t hes e  c h a r a c t e r s .
In t h i s  communicat ion,  we d es cr i be  a system o f  p h y l o g e n e t i c a l -  
ly remote s p e c i e s ,  C i t r u s  (Rutaceae)  and V i o o t i a n a  ( S o l a n a c e a e ), 
for  somatic h y b r i d i s a t i o n  exper iments .
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MATERIALS AND METHODS
Plant  m a t e r i a l . The p l ant  mater i a l  used in our s t u d i e s  was 
chosen because of  a v a i l a b i l i t y ,  cu l tu  rabi  1 i t y  o f  t h e i r  p r o t o ­
p l a s t s ,  and the presence  of  w e l l - d e f i n e d  markers a l l owi ng  both 
s e l e c t i o n  and i d e n t i f i c a t i o n  of  somat i c  hybr i ds .  For the one 
parental  s p e c i e s  we used N i c o t i a n a  tabaoum SRI,  a non-mendel ian  
s treptomyci n r e s i s t a n t  mutant obta i ned by Mal i g a . -et a l .  ( 6 ) .  
Morphogenet ic mutant c a l l u s e s  and p l a nt s  are r e s i s t a n t  to 250 
mg/1 s t r ept omyc i n .  Mesophyl l  p r o t o p l a s t s ,  both mutant arid wi ld  
t ypes , wer e  able  to grow on 20 mg/1 s t reptomyci n  but were both 
k i l l e d  at  higher l e v e l s  of  the drug (Harms, uripubl . ) .  The e x p r e s ­
s i on  of  r e s i s t a n c e  i s  t h e r e f o r e  t e s t e d  favourabl y  on morphoge­
n e t i c  c u l t u r e s .  Using NT medium (7)  c o nt a i n i ng  4 mg/1 CPA and 
1 mg/1 k i n e t i n ,  SRI mesopnyl l  p r o t o p l a s t s  were cu l tured  r o u t i n ­
e l y  wi th high e f f i c i e n c y  ( 8 ) .  No growth on medium cont a i n i ng  
1-5 % g a l a c t o s e  or l a c t o s e  was observed e i t h e r  with SRI p r o t o ­
p l a s t s  or SRI c a l l u s e s .
For the other  parental  s p e c i e s  we used C i t r u s  s i n e n s i s  var.  
Shamouti .  Embryogenic ovular  c a l l u s  l i n e s  from t h i s  s p e c i e s  
have been e s t a b l i s h e d  in 1972 by Kochba e t  a l . ( 9 ) .  These c u l ­
tures  are w h i t e ,  g l o b u l a r ,  and h i g l y  f r i a b l e .  I t  i s  a l s o  a 
c h a r a c t e r i s t i c  f e a t u r e  of  t h i s  mat er i a l  that  i t  grows in the ab­
sence  of  exogenous hormones and a l s o  on g a l a c t o s e  and l a c t o s e  
media.  Somatic embryos can be induced by var i ous  t reatment s  ( 10,  
1 1 ) .  P r o t o p l a s t s  i s o l a t e d  from c a l l u s  ( 1 2 ) ,  submersed c a l l u s  
and suspens i on  c u l t u r e s  (13)  of  both embryogenic (L5) and rion- 
-embryogenic (L10) l i n e s  grow in the absence of  hormones - the  
only reported example of  p r o t o p l a s t s  which can do so.
F u s i o n . C i t r u s  c e l l s  and p r o t o p l a s t s  o f t e n  conta i ned prominent  
s tarch  g r a i n s .  These and the dense cytoplasm of  the C i t r u s  pro­
t o p l a s t s  t o g e t h e r  wi th the f u n c t i o n a l  c h l o r o p l a s t s  o f  the SRI 
mesophyl l  p r o t o p l a s t s  provided markers for  the v i s ua l  d i s t i n c ­
t i on  between h e t e ro ka ry o cy t e s  and parental  p r o t o p l a s t s  a f t e r  
f us i o n  and during the i n i t i a l  s t a g e s  of  development .  The p r o t o ­
p l a s t s  were fused us ing p o l y e t h y l e n e  g l y c o l  and,  a f t e r  d i l u t i n g  
and washing,  p l a t ed  in l i q u i d  NT medium (4 mg/1 CPA, 1 mg/1 k i ­
n e t i n ) .  For c o n t r o l s ,  both parental  p r o t o p l a s t  types were c u l ­
tured s e p a r a t e l y ,  unt reat ed  as wel l  as PEG-treated,  and a l s o  co-  
- c u l t u r e d  (unfused mixtures  of  tobacco and C i t r u s  p r o t o p l a s t s )  
in the same medium.
S e i e c t i  on . The s e l e c t i o n  procedure dev i s ed  for  the recovery of  
somat i c  hybrids from fused mixtures  of  C i t r u s  and tobacco pro­
t o p l a s t s  was based on t h e i r  d i f f e r e n t  requirements  for  e x o g e ­
nous phytohormone suppl y.  Control  experiments  performed b e f o r e ­
hand showed an a b s o l u t e  requirement for  auxin and c y t o k i n i n  of  
the SRI p r o t o p l a s t s .  In c o n t r a s t ,  C i t r u s  p r o t o p l a s t s  not only  
grew a u t o t r o p h i ca 1ly in the absence of  exogenous hormones,  but  
t h e i r  growth was a l s o  remarkably i n h i b i t e d  in the presence  of  
hormones,  as was shown p r e v i o u s l y  (14)  and confirmed in our 
experiments  ( 13 ) .
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A t wo - s t ep  s e l e c t i o n  procedure was t h e r e f o r e  appl i ed  (F i g ,  1):  
t o b s c c o - C i t r u s  f u s i o n  mixtures  were f i r s t  p lat ed on hormone'*" 
medium known to i n h i b i t  growth o f  parenta l  C i t r u s  p r o t o p l a s t s ,  
and,  h o p e f u l l y ,  a l s o  o f  the somat i c  hybr ids .  Emerging c o l o n i e s  
were then t r a n s f e r r e d  to hormone- free medium to e l i m i n a t e  pa­
renta l  tobacco c o l o n i e s  and to s e l e c t  for  somat i c  hybrids  able  
to grow in the absence  of  hormones.  Col onies  pas s i ng  the s e l e c ­
t i on  were cloned f or  f ur t he r  a n a l y s i s .
tobacco somati  c hybri  d C i t r u s
1 • s t ep + 
hormone
2 .  s tep 
hormone
3 .  s t e p :
growth growth no growth
no growth growth
c l one  ana l ys i  s
Fig.  1 S e l e c t i o n  scheme for the recovery  of  somatic  
hybrid c o l o n i e s  a f t e r  f us i o n  of  C i t r u s  and 
tobacco p r o t o p l a s t s .
RESULTS AND DISCUSSION
He t e r o k a r y o c y t e s , as recogni sed  m i c r o s c o p i c a l l y  through the p re ­
sence of  parental  v i s ua l  markers (Fi g .  2a) and d i f f e r e n t i a l  nuc­
l e a r  s t a i n i n g  (Fi g .  2b) ,  were r e a d i l y  formed upon f us i o n  and 
most o f  them remained v i a b l e  at  l e a s t  for  s evera l  days ,  as was 
obvious  from the development of  c y t op l as mi c  s t rands  and the  
progre s s i ng  mixing o f  the parental  cytopl asms .  Cel l  wal l  forma­
t i o n  and f i r s t  d i v i s i o n s  (Fi g .  2c) l ead i ng  to small  c e l l  c l u s ­
t e r s  were observed in some i n s t a n c e s .  The p r es e nc e ,  in the c e l l s  
of  such c l u s t e r s ,  of  the v i s ua l  markers of  both parental  spec i e s  
s u g g e s t s  t h e i r  hybrid nature.  I t  a l s o  i n d i c a t e s  that  there  seem 
to be no s t r i n g e n t  c e l l u l a r  i n c o m p a t i b i l i t y  mechanisms ac t i ng  
a g a i n s t  the formation of  C i t r u s - tobacco hybrid c e l l s  at  t h i s  
s t a g e ,  al though i t  i s  not known whether or not t hes e  c e l l s  were 
t r u l y  hybrid with re s pe c t  to t h e i r  nuc lear  c o n s t i t u t i o n .
Upon t r a n s f e r  to hormone- free medium, c o l o n i e s  der i ved from 
parental  tobacco p r o t o p l a s t s  turned brown and stopped growing,  
as did the c o l o n i e s  from tobacco control  c u l t u r e s .  In a f i r s t  
s e r i e s  of  f u s i o n  exper i ment s ,  196 c l ones  were s e l e c t e d ,  126 of  
which grew moderately on hormone- free medium during the f i r s t  
two passages  (8 weeks)  but ceased growing t h e r e a f t e r ,  whi l e  70 
c l o nes  grew wel l  on s e l e c t i v e  medium and only moderately on 
medium con t a i n i ng  hormones (Fi g .  2d) .  These were used for  f u r ­
ther a n a l y s i s .  A c o n s i d e r a b l e  number of  pure C i t r u s - t y p e  c o l o ­
n i es  were a l s o  recovered on hormone- free medium, a r e s u l t  not
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F i g , 2. Cul ture of  C i t r u s - N i o o t i a n a  f us i o n  products  
a - he t erokaryocyt e  a f t e r  3 days of  cu l t u r e  
b - d i f f e r e n t i a l  nuc lear  s t a i n i n g  ( propi oni c  o r c e i n )  
c - d i v i s i o n  of  C i t r u s - N i a o t i a n a  f us i on  product  
d - growth performance of  some o f  the s e l e c t e d  presumed 
hybrid c l ones  on hormone+ (outer  rows) and hormone'  
medium ( i nner  rows)
e - hand-picked colony growing in a 5 pi hanging dropl e t
expected according to the data from the previ ous  control  e x p e r i ­
ments.  The same response  was a l so  observed in control  c u l t ures  
from unfused mixtures  of  C i t r u s  and tobacco p r o t o p l a s t s ,  i n d i c a t ­
ing a c r o s s - f e e d i n g - l i k e  phenomenon. These f i n d i n g s  prompted us 
to i n v e s t i g a t e  the e f f e c t s  of  c o - c u l t u r i n g  in more d e t a i l .  These 
s t u d i e s  and t h e i r  s i g n i f i c a n c e  f or  somatic hybrid s e l e c t i o n  are 
reported e l s ewhere  (13 ) .
Chromosomal a n a l y s i s  of  some of  the s e l e c t e d  c l ones  was per ­
formed but did not provide doubt l e s s  ev i dence  for  t h e i r  somatic  
hybrid nature.  As a matter of  f a c t ,  metaphases were hard to f ind  
in the c a l l u s  ma t e r i a l .  The chromosome number of  t obacc o - C i t r u s  
hybrids was expected to be more than 102 rather  than 66 (N. t a -  
baciim, 2n = 48 + C . s i n e n s i s ,  2n = 18) s i n c e  chromosome counts  of  the 
parental  C i t r u s  c u l t u r e s  showed they were mi xopl o i d ,  c ont a i n i ng  
54-72 chromosomes,  but they had re ta i ned  t h e i r  embryogenic ca ­
p a c i t i e s .
Growth a n a l y s i s  was performed with subc lones  of  the o r i g i n a l  
70 s e l e c t e d  c l ones  on medium c o nt a i n i ng  2 % g a l a c t o s e  or l a c t o s e  
and al so  bn s e l e c t i v e  medium c o nt a i n i ng  250 mg/1 s t reptomyci n .  
None of  the subclories grew on g a l a c t o s e  or l a c t o s e ,  but a l l  of  
them were s t reptomyci n r e s i s t a n t .
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So f a r ,  24 of  the 70 s e l e c t e d  c l ones  were a l s o  analysed for  
pe r o x i d a s e ,  ac i d  phosphatase ,  and e s t e r a s e  i sozymes us ing i s o ­
e l e c t r i c  f ocus i ng  ( IEF) on polyacryl ami de  (PAG) s l ab  g e l s  (pH
3 . 5 - 9 . 5 ) .  With a l l  i sozymes s t u d i e d ,  the IEF banding pat t erns  
of  the c l ones  were c o n s i s t e n t  wi th SRI tobacco c o n t r o l s  and 
showed no ad d i t i o n a l  bands that  could be a t t r i b u t e d  to the  
C i t r u s  parent .
The experimental  a n a l y s i s  of  some of  the s e l e c t e d  c l ones  from 
the f i r s t  s e r i e s  of  f us i on  experiments  has provided no c o n c l u ­
s i v e  ev i dence  for  t h e i r  presumed somatic hybrid nature.  While 
the data support  the view t hat  the s e l e c t e d  mat er i a l  i s  o f  pa­
rental  tobacco nature ,  the growth of  t h e s e  c l ones  on hormone-  
- f r e e  mediúm was a s t o n i s h i n g .  Adaptat ion to hormone" condi t i on  
in a way s i mi l a r  to habi t uat i on  would provide a p o s s i b l e  e x p l a ­
na t i o n .  I t  i s  i n t e r e s t i n g  to no t e ,  however,  that  such c o l o n i e s  
did not a r i s e  from the tobacco control  c u l t u r e s .
Since however,  small  c e l l  c l u s t e r s  were observed which carr i ed  
mixed parental  c h a r a c t e r s ,  i t  seems reasonabl e  to assume that  
they ceased growing at  a l a t e r  s t a g e  and t h e r e f o r e  could not be 
recovered during the s e l e c t i o n .  From t h i s  i t  seems l i k e l y  that  
C i t r u s - tobacco hybrid c e l l s  have the hormone requirements  s im­
i l a r  to those  of  tobacco rather  than e x h i b i t i n g  the hormone 
autotrophy of  C i t r u s .  While i t  had been hoped t hat  somatic  
hybrids  would express  both charac ter s  under r e s p e c t i v e  s e l e c t i v e  
pressure  ( Fi g .  1 ) ,  such behaviour could not be pred i c t e d  a 
p r i o r i .  The data presented rat her  speak in favour of  non- expres ­
s ion of  hormone- independent  growth and dominance of  hormone 
auxotrophy,  p o s s i b l y  as a r e s u l t  of the f i r s t  s e l e c t i o n  s t ep  on 
hormone+ medium.
From a second s e r i e s  of  f u s i o n  experiments  we have a l s o  r e ­
covered a number of  c o l o n i e s  which passed the des cr i bed  s e l e c ­
t i o n  procedure (4 subc ul t ure s  on hormone" medium).  The morpholo­
g i c a l  appearance of  some of  t h e s e  c l ones  i s  very'much d i f f e r e n t  
from the ones p r e v i o u s l y  s e l e c t e d .  Anal ys i s  of  t h i s  m a t e r i a l ,  
now be'ing in p ro g re s s ,  may reveal  s upport i ve  or d i s prov i ng  e v i ­
dence for  t h e i r  presumed hybrid nature ,  and may f i n a l l y  demon­
s t r a t e  t h a t  C i t r u s - t o ba c co  somatic hybrids  can be obtained  
us ing  the s e l e c t i o n  system o u t l i ne d  in t h i s  communicat ion.
The c u l t u r e  of  i s o l a t e d  hybrid c o l o n i e s  has been sugges ted and 
used to recover  somatic hybrids of  soybean-t f ic o t i a n a  glauoa  (15)  
and of  A r a b i d o p 8 i s - B r a s s i o a  ( 1 6 ) .  As an a l t e r n a t i v e  approach to 
s e l e c t i o n  systems based on p h y s i o l o g i c a l  complementation,  we a l s o  
s t a r t e d  work on the hand-picking and subsequent  c u l t u r e  of  i n ­
d i v i dua l  f us i on  products  (Fi g .  2e) f o l l o wi n g  t h e i r  v i s ua l  i d e n ­
t i f i c a t i o n  through the presence  of  c e l l u l a r  markers from both 
parental  s p e c i e s .  Using t h i s  approach,  we hope to l earn more 
about the behaviour and growth requirements  of  hybrid c e l l s  
between phyl-ogeneti  ca 1 l y  remote s p e c i e s .
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ABSTRACT
The presented model d e s c r i b e s  how microspore and p r o t o p l a s t  t e c h ­
niques can be combined with c l a s s i c a l  breeding approaches in ap­
p l i e d  potato  breeding programs.  S t a r t i n g  with a u t o t e t r a p l o i d  
c l o n e s ,  the d i hap l o i d  l e v e l  i s  achieved p a r t h e n o g e n e t i c a l l y . 
Subsequent ly the d i hap l o i ds  are s ubj ec t ed  to microspore c u l t u r e  
and in v i t r o  chromosome doubl ing to obtai n the homozygous - c o nd i - 
t i o n .  Such d i ha p l o i ds  are crossed  to y i e l d  wel l  def i ned F■] hyb­
r i d s ,  now p o s s e s s i n g  charac t er s  from d i f f e r e n t  s t a r t i n g  c l o n e s .
In a f i n a l  s t e p ,  t h e i r  genomes and plastomes are combined by 
somatic h y b r i d i z a t i o n  to a compl e t e l y  heterozygous  t e t r a p l o i d  
pl ant .  As potatoes  are propagated v e g e t a t i v e l y , the f us i on  pro­
duct can become a s t a b l e  v a r i e t y  immediate ly.  For s e l e c t i o n  of  
the f us i o n  products  col our  markers and hybrid vigour combined 
with i soenzyme i n v e s t i g a t i o n s  are used.  Bes ides  t h i s  breeding  
scheme fur t he r  approaches in applying p r o t o p l a s t  techni ques  in 
plant  breeding are summarized.
INTRODUCTION
For nearl y  ten years  e x c e l l e n t  reviews have o u t l i ne d  the marvel ­
lous  p o t e n t i a l  of  t i s s u e  c u l t u r e  techni ques  and the use of  pro­
t o p l a s t s  in p a r t i c u l a r  for  s o l v i n g  the wo r l d ’ s food problems 
( 1 - 4 ) .  As a r e s u l t ,  funds could be a c t i v a t e d  for  t h i s  type of  
research and as a second consequence i n s t i t u t i o n s  which have 
sponsored something f a n t a s t i c  are today expec t i ng  overwhelming  
r e s u l t s .  However,  higher p l ant s  are not as s w i f t  growing as mic­
robes and p lant  breedi ng ,  even at the s i n g l e  c e l l  l e v e l ,  i s  a 
t ime-consuming tas k .  So we s t i l l  have an excuse for  the lack of  
new and b e t t e r  t e s t  tube v a r i e t i e s .  But the f uture  does not look 
too promis ing e i t h e r ,  for  i ns t a nc e  i f  one focus e s  on c e r e a l s ,  
where even f i r s t  s t e ps  in an appl i ed d i r e c t i o n  f a i l e d .  Therefore ,  
one has to choose a more pragmatic approach.  A few crops e x i s t  
where p r o t o p l a s t  r e generat i on  became p o s s i b l e ,  and where in v i t ­
ro der i ved l i n e s  are a l ready grown in the f i e l d  in concurrence  
with p l ant s  grown from seeds  (Table 1,  Fig.  1) .  The number of  
such examples i nc r e a s e s  when important  drug plant s  are included,  
and the p i c t u r e  becomes more c o l o ur f u l  when h o r t i c u l t u r a l  plants
22 327
are taken i nt o  c o n s i d e r a t i o n  as w e l l .  I w i l l  r e s t r i c t  myse l f  
predominant ly to Solanum tubefio&um the major food crop where 
some in v i t r o  c u l t u r e  p r e r e q u i s i t e s  could be achieved r e c e n t l y  
( 1 3 - 1 6 ) .  The potato  i s  a pragmatic cho i ce  as i t s  acerage  i s  
going down and a l s o  our program i s  far  away from an ideal  s i t u ­
a t i on :  We cannot  y e t  f o l l o w a c l e a r  breeding scheme ending with  
higher y i e l d  or b e t t e r  q u a l i t y  - but the potato  o f f e r s  a f a i r  
chance to ach i eve  some progress  in breeding via in v i t r o  t e c h ­
niques  today.
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Table 1 P r o t o p l a s t  r e g enera t i o n  from economi ca l l y  important
pl ant s  
Crop plant s Drug p l ant s
Ai p a a a g u i  o t f t f l c l na l l i  (5) Ataopa b e l la d o n n a (17)
Bf i a a l c a  napúi  2n ( 6 ) Vatufia I n n o x l a  2n,  In (18)
1 n (7) Vatufia m e t e l  2n, In (19)
C l t a u i  i l n e m l i ( 8 ) Vatufia m e t e l o l d e i  2n, In (19)
Vaucui  caf iota (9) Hyoicyamui  m u t l c u i ( 2 0 )
Lycope.niilc.on e i c u l e n t u m  (10)
N l c o t l a n a  tabacum 2n ( 1 1 ) Hor t i c u11 ura 1 plant s
In ( 1 2 )
Solanum tubeaoium 2n ( 1 3 , 1 4 ) P e tu n ia  hyba lda  2n (21 )
In ( 1 5 , 1 6 ) 1 n ( 2 2 )
P e t u n i a  pa f iod l l (23)
Remarks on MATERIAL AND METHODS
A f i r s t  s t e p  towards the r e g enera t i o n  of  potatoes  from p r o t o ­
p l a s t s  was reported by Lorenz ini  (24)  s t a r t i n g  from tuber t i s ­
sue;  Upadhya (25)  so l ved the problem of  inducing in v i t r o  pro­
l i f e r a t i o n  of  mesophyl l  p r o t o p l a s t s ,  Shepard and Totten (13)  
and Butenko e t  a l .  (14)  regenerat ed  the t e t r a p l o i d  potato  to 
func t i o na l  p l a n t s ,  and the system was completed by the regene-  
raion of  hapl oi d p r o t o p l a s t s  by Binding e t  a l . (15)  and Melchers
( 1 6 ) .  In the l i n e  of  r e g e n e r a t i o n  experiments  s t a r t i n g  wi th  
v a r i e t i e s ,  Shepard and co-workers  (26,  27) could demonstrate a 
s t r i k i n g  v a r i a b i l i t y  in the regenerants  which w i l l  be d i s c us s e d  
in more d e t a i l  l a t e r .  Bes ides  t h i s  use of  p r o t o p l a s t s  for  an 
i n t r a c u 1t i v ar improvernen t , s imple  p r o t o p l a s t  r e generat i on  might  
gain some importance as a p hyt os ani t ar y  t echni que or for  a very 
rapid propagat ion of  s e l e c t e d  va l uabl e  genotypes .  The real  po­
t e n t i a l  of  p r o t o p l a s t s  in potato  improvement i s  o f f e r e d  by s o ­
matic c e l l  f u s i o n .  As the potato  i s  an a u t o t e t r a p l o i d  with 48 
chromosomes,  f us i on  of  normal p r o t o p l a s t s  wi l l  r e s u l t  in oc t o -
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p l o i d s ,  which are of  no p r a c t i c a l  va l ue .  The re f ore ,  we concen­
t r a t ed  our research on p r o t o p l a s t s  i s o l a t e d  from d i hapl o i d  po­
t a t o e s  p o s s e s s i n g  24 chromosomes which can be e x t r a c t e d  from 
t e t r a p l o i d s  f a i r l y  e f f i c i e n t l y  via a par t h e n o g e n e t i c  procedure  
( 2 8 ) .  Such d i h a p l o i d s  are of  i nc r e a s i n g  importance in modern 
breeding programs ( 2 9 ) .  In our breeding program for  i n s t a n c e ,
80 % o f  t h i s  y e a r ’ s 120,000  s e e d l i n g s  have hapl oi d a n c e s t o r s .  
Within c l ones  having 24 chromosomes one has to d i n t i n g u i s h  b e t ­
ween d i h a p l o i d s  from commercial  v a r i e t i e s ,  d i ha p l o i ds  from p r i ­
mi t i v e  v a r i e t i e s  and wi ld s p e c i e s .  The r e g enerá t i o n  of  dihaploid
S. tu.bnnoi.Hm could be achi eved ( 1 5 , 1 6 )  and now a l s o  the i s o l a ­
t i o n  o f  p r o t o p l a s t s  from p r i mi t i v e  v a r i e t i e s ,  wi ld s p e c i e s  and 
hybrids  ( 3 0 , 3 1 ) ,  and even from monohaploids i s  p o s s i b l e .  Such 
monohaploids (Fi g .  2) were f i r s t  des cr i bed  by Baerecke ( c i t .  
Frandsen,  32) and then produced in a wider range via partheno­
g e n e s i s  by Hermsen ( 3 3 ) .  We s t a r t  from monohaploids which were 
produced via microspore c u l t u r e  wi t h i n  the anthers  (34 ) .
Condi t i on i ng  of  the p l ant s  before  enzymatic treatment  i s  a very 
c r i t i c a l  s t ep  in potato  p r o t o p l a s t  i s o l a t i o n  as reported by 
Shepard and Totten (13)  and a l s o  by Grun and Chu ( 30) .  Shepard 
and Tot ten recommended a very c o n t r o l l e d  growth where the plants  
are f e r t i l i z e d  before  h a rv es t i ng  with mineral  s a l t  s o l u t i o n s  ac ­
cording to Murashige and Skoog’ s medium (35)  with a twofold i n ­
cr eas e  in C a C1 2 and K H 2 P 0 4 c o n c e n t r a t i o n s .  Plants  were ma i n t a i n ­
ed in c l i ma t e  chambers at  18°C under a 12 h photoperiod at
4 , 000 l ux .  Grun and Chu (30)  s tored  the exc i s e d  l e a v e s  in low 
l i g h t  ( 3 , 000  lux)  or in darkness  for  2-5 days at  room tempera­
ture before  enzyme d i g e s t i o n .  For our p r o t o p l a s t  i s o l a t i o n s  (15)  
we grow the donor mater i al  as shoot  t i p  c u l t u r e s .  Such s t a r t i n g
Fig.  1. Potato p l ant s  in the f i e l d  grown from tubers  of  p r o t o ­
p l a s t s  der i ved regenerants  of  the d i hapl o i d  c l one  H^260
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Fig.  2. Potatoes  with 
di f f e r e n t  p1oi dy 
l e v e l s :
A - t e t r a p l o i d  wi th 48,  
- d i ha p l o i d  with 24,
C - monohaploid with 12 
chromosomes.
mater i al  has been proposed by Binding (36)  for  a very c o n t r o l l e a  
i s o l a t i o n  of  NLc.otLa.na p r o t o p l a s t s .  It  o f f e r s  some s t r i k i n g  ad­
vantages :  The prec u l t u r e  of  the p lants  can be opt imized and 
consequent l y  the p h y s i o l o g i c a l  c o n d i t i o ns  are much more co ns t a nt  
than in greenhouse grown p l a n t s .  Furthermore, the s t e r i l i z a t i o n  
of  the l e a f l e t s  can be omi t t ed.  For t h i s  procedure from d i hap­
l o i d  c l o n e s ,  f i r s t  shoots  are grown from meri s tems;  from p r i ­
mi t i v e  v a r i e t i e s  and wi ld s p e c i e s  the c u l t u r e s  are s t a r t e d  from 
see ds .  The medium used for  c u l t u r e  i s  t ha t  of  Murashige and 
Skoog (35)  supplemented with 0 . 5  mg/1 6-benzylaminopurine  (BAP; 
and occas ional - l y  wi th 10 mg/1 thiamine omi t t i ng  then c y s t e i n e .  
For subsequent  cu l t u r e , s e g me nt s  (about  1 cm long)  are p l a t ed  on 
new medium and e x a c t l y  3 weeks a f t e r  such a t r a n s f e r  the shoots  
can be ha r v e s t e d ,  chopped in t o t a l  and incubated in a pre i ncuba­
t i o n  medium of  0 . 3  M mannitol  ( 3 7 ) .  As,  however,  the e s t a b l i s h ­
ment of  such c u l t u r e s  f or  appl i ed aims i s  rather  t ime-consuming,  
we a l s o  use greenhouse grown mater ial  for f us i on  exper iments .  
These l a t t e r  p l ant s  are grown under 16 h l i g h t  extended during  
the wi nter  season by Osram HQI-T 1,000 W lamps with a l i g h t  i n ­
t e n s i t y  at  the growing po i n t s  of  the plant s  of  15,000 l ux.  The 
temperature i s  kept below 20°C and a d d i t i o n a l l y  the p l ant s  are 
graf t ed  on tomato s t o c k s .
The d i hapl o i d  c l ones  we s t a r t e d  our experiments  with were s e ­
l ec t e d  according to three  major po i n t s :  1_. For t hes e  c l ones  
knowledge about how to handle them in t i s s u e  cu l t u r e  from c a l ­
l us  (38)  or microspore (34)  r e generat i on  experiments  was a l ­
ready a v a i l a b l e .  2. The c l ones  were e i t h e r  carryi ng  q u a l i t i e s  
important  for  a p p l i c a t i o n  l i k e  vi rus  r e s i s t a n c e ,  or they pos ­
s e s s  a s p e c i a l  phenotype ,  the nodal band marker ( 3 9 ) ,  f a c i l i ­
t a t i n g  an i d e n t i f i c a t i o n  a f t e r  f us i o n  exper iments .  3.  A prag-
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matic p o i n t ,  they were the bes t  d i h a p l o i d s  a v a i l a b l e ,  according  
to vigour and q u a l i t y .
For i s o l a t i o n  of  the p r o t o p l a s t s  a l l  authors  use the s i n g l e  s t ep  
method with an i ncubat i on  in c e l l u l a s e  and p e c t i na s é  t o g e t h e r .
We r o u t i n e l y  i ncubate  in a 0 . 2 / 0 . 2  % mixture for  4 h at  25°C on 
a r o l l e r  and c l a r i f y  the p r o t o p l a s t  s uspens i on  by banding on 
50 % Percol  1 s o l u t i o n s .  Each group favours for  re g e n e r a t i o n  a 
d i f f e r e n t  medium: Shepard and Tot ten (13)  composed t h e i r  own me­
dium which resembles  t h a t  of  Ni t sch and Ohyama (12)  in the com­
p o s i t i o n  of  major s a l t s ,  l i k e  the medium which Grun and Chu (30)  
used.  Melchers (16)  and we (15)  induced, f i r s t  d i v i s i o n s  in the  
medium developed by Kao and Michayluk (40)  for  which Binding e t  
al . (15)  even found a wider a p p l i c a b i l i t y .  In common a l l  groups  
add BAP as phytohormone.  For the i nduct i on  of  morphogenesi s  we 
proved z e a t i n  to be e s s e n t i a l  in a c o n ce nt ra t i o n  of  0 . 3  mg/1 
( 15 ,  Fi g .  3a) ;  ro o t i n g  s t a r t e d  on phytohormone- free  Murashige  
and Skoog’ s (35)  medium. Bes i des  t e t r a p l o i d  S.  tubzAoium  v a r i ­
e t i e s  and c l ones  ( 1 3 , 1 4 ) ,  r e g e n e r a t i o n  could be s t a r t e d  in a 
spectrum of  d i h a p l o i d s :  S.  z h a c o z m z ,  S .  i n ^ u n d l b u l l ^ o A m z , S.  
p h u A z ja ,  S.  a p a A i ip Á lu m , S.  tan.Á j  znA z , and of  the hybrid S.  
ph.uA.zja x S.  chacoznAZ  ( 14 ,  30,  31) .
In the begi nni ng we used f or  our p r o t o p l a s t  f us i o n  experiments  
the method developed by Kel l er  and Melchers ( 4 1 ) .  As shown in 
Table 2,  the p r o t o p l a s t s  are fused at  high Ca++ c o n ce nt ra t i o n  
and at  high pH. The e f f i c i e n c y  was f ur t he r  enhanced by addi t i o n  
of  4 . 5  % p o l y e t h y l e n e  g l y c o l  (PEG, 42 ) .  This i s  a very g e n t l e  
method,  a l l o wi ng  th,e s u r v i v a l  o f  most p r o t o p l a s t s .  By the meth­
od of  Kao and Michayluk (43)  with f i v e  t imes more PEG, the r e ­
l a t i v e  ra t e  of  f us i o n  products  i s  h i g h e r ,  but the t o t a l  s urv i v a l  
rat e  i s  lower.  As no c o n d i t i o n s  are known at  the moment to al low  
only the hybrids  to grow,  and co ns equent l y  many p l ant s  have to 
be r e g enera t ed ,  we p r e f er  now the method with high PEG.
For p r e s e l e c t i o n  we e x p l o i t  the extreme vigour of  c a l l u s e s  de ­
scendi ng from f us i o n  products  ( 4 4 ) .  E s p e c i a l l y  f or  appl i ed  aims 
in breeding programs,  hybrids  which express  the good combining 
a b i l i t y  of  t h e i r  parents  (F i g .  3b) w i l l  be of  predominant i n ­
t e r e s t .  Fusion products  with decreased v i t a l i t y  are over l ooked ,  
but the chance t hat  they d e l i v e r  hybrid c l ones  i s  rather  l i mi t e d .
Appl i ca t i on  of  i soenzyme t echni ques  w i l l  a l l ow f u r t he r  i d e n t i f i ­
c a t i o n  of  p o s s i b l e  hybrid p l ant s  ( 4 4 ) .  Experiments which a l s o  
use the mechanical  i s o l a t i o n  of  f us i on  products  (46)  are under 
i nves t i gat i on .
In some f us i on  experiments  - e s p e c i a l l y  for  t e s t i n g  the e f f i ­
c i ency  of  our system in a non-pragmatic way - we adopted the  
method of  complementat ion us ing ch l orophy l l  d e f i c i e n t  mutants  
(47)  grown in s t e r i l e  shoot  t i p  c u l t u r e  on Murashige and Skoog’s 
medium (35)  supplemented with 1 % g l u c o s e .  These mutants were 
produced by i r r a d i a t i n g  anthers  before  mi crospore cu l t u r e  with  
y-rays  ("I 3/Cs , 48) .
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Table 2 Procedures used for  fus i on of  d i hapl o i d  pr o t o p l a s t s  of  
potato
WENZEL
Method according to:
Schieder  (45)  Gleba & Hoffmann (46)
var.  var.
Kel l er  & Melchers (41) Kao & Michayluk (43)
a/  Fusion medium 
PEG
r  + +Ca
pH
time
4 . 5  %
275 mM (as n i t r a t e )  
1 0
1 0 mi n
2 5 %
50 mM (as c h l o r i d e )  
9
15 min
b/ Washing medi um
r  "H ”Ca
pH
time
50 mM 
1 1
5 x 5 mi n
Fig.  3. Regenerat ion of  d i hapl o i d  p r o t o p l a s t s .  A/ S t a r t  of  mor­
phogenes i s .  J3/ Cal l us e s  regenerated a f t e r  fus i on  ex ­
periments;  one of  the c a l l u s e s  expres s es  increased  
vigour and in addi t i on  a d i f f e r e n t  co l our .
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RESULTS AND DISCUSSION
The main aim of  our pragmatic experiments  i s  to improve p o t a ­
t o e s .  As a l ready o u t l i ne d  we focused on the use o f  d i hap l o i d  
p r o t o p l a s t s ,  f us i on  products  of  which w i l l  r e pl ace  s t e ps  in 
c l a s s i c a l  breeding programs.  Bes ides  f us i o n  of  d i h a p l o i d s  there  
e x i s t  a l s o  some r e s u l t s  promis ing the i nc orporat i on  of  t e t r a -  
pl o i d  p r o t o p l a s t s  i nt o  p l ant  breedi ng .  Shepard (27)  and Butenko 
e t  a l .  (14)  observed a wide range of  va r i a nt s  a f t e r  p r o t o p l a s t  
reg.enerat i  on . Even a f t e r  having d i scarded aberrant s  due to p o l y ­
p l o i dy  or aneuploidy there  s t i l l  e x i s t e d  minor morphological  
aberrant s  e x p r e s s i n g  e . g .  an a l t e r e d  l e v e l  of  r e s i s t a n c e  to  
Kl tzuna nia .  - i o l a n i ,  to Phytophthcm  and an a l t e r e d  p a t ­
tern in p lant  geometry,  tuber phase ,  e a r l i n e s s ,  depth of  tuber  
s e t ,  amount of  seeds  and tuber shape (26 ,  27) .  These d i f f e r e n c e s  
even have a p a r a l l e l  in n u t r i t i o n a l  requi rements .  Grun and Chu 
(30)  and we (15 ,  31) found t hat  p l ant s  rap i d l y  regenerated from 
mesophyl l  p r o t o p l a s t s  of  shoot  t i p  o r i g i n  d e l i v e r e d  homogeneous 
po pul a t i ons  according to phenotypic  c h a r a c t e r s .  Except for  some 
a berr a t i o ns  being p o l y p l o i d ,  the popul at i on looked very uniform 
(Fi g .  1 ) ,  at  l e a s t  the v a r i a t i o n  did not d i f f e r  from v a r i a t i o n s  
observed in c l ones  grown from tubers  or seeds  under s i m i l a r  en­
vironmental  c o n d i t i o n s .  Although there  was a high rate  of  spon­
taneous  doubl ing from 24 to 48 chromosomes,  the rate  of  aneu-  
pl o i ds  did not exceed 4 %. Most aneupl o i ds  could be e a s i l y  de­
t e c t e d  by t h e i r  very dark green col our  and deformed l e a v e s .  In 
p r o t o p l a s t  der i ved c l ones  i s o l a t e d  from suspens i on  c u l t u r e s ,  
which we overtook from Melchers (16 ,  3 1 ) ,  we found a wider range 
of  phenotypic  v a r i a b i l i t y  which corresponded to a high amount 
of aneupl o i ds .  On the other hand, Melchers found a us e f u l  muta­
t i on  (49)  during e a r l y  p r o t o p l a s t  r e generat i on  experiments  with 
tobacco (11) :  from the f i r s t  tobacco p l ant s  regenerated from 
mesophyl l  p r o t o p l a s t s  one p l ant  turned out to have changed from 
day neutral  i nt o  a s hort  day t y pe ,  producing many more l eaves  
under our phot ope r i od i c  c o n d i t i o n s .  The g e n e t i c  ba s i s  for  t h i s  
type of  mutat ion remains to be c l a r i f i e d .  Simply the number of  
chromosomes cannot be the reas on,  as t h i s  was checked c a r e f u l l y  
e . g .  for  the potato  ( 2 7 ) ,  but s mal l er  aberr a t i o ns  from the ca-  
ryotype are not easy to i d e n t i f y .  As I was in favour o f  prag­
matism up t i l l  now, I cannot be too c r i t i c a l  in t h i s  cas e .  I 
t h i nk ,  however,  t ha t  the use of  such undi rec ted aberrant s  as a 
general  i n t r a c u l t i v a r  improvement w i l l  be h i ghl y  q u e s t i o n a b l e .
Bes i des  t h i s  system probably s t a r t i n g  at  the s i n g l e  c e l l  l e v e l  
and t h e r e f o r e  s i m p l i f y i n g  the d e t e c t i o n  of  spontaneous  somatic  
mutants ,  p r o t o p l a s t s  promise t h e i r  h i g h e s t  p o t e n t i a l  in combi­
nat ion breedi ng.
F i r s t  I would l i k e  to make a short  excurs ion  i n t o  normal breed­
ing p roce s s e s  of  the p o t a t o ,  where s e l e c t i o n  of  parents  accord­
ing to the breeding aim, c r o s s i n g  and subsequent  s e l e c t i o n  
amongst the s e g r e g a t i n g  Fi progeny f o l l o w one a f t e r  the other .  
Per year  we produce 100,000 - 150,000 s e e d l i n g s  from which we 
s e l e c t  over a s i x - y e a r  period the 5 - 1 0  b e s t .  The chance to  
f ind those  in a p o s i t i v e  s e l e c t i o n  procedure i s  so small  that  
one uses  negat i ve  s e l e c t i o n  which means that  a l l  non-opt imal
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l ooki ng  types  are d i s c a r d e d ,  and only the r e s t  are mai ntai ned.
In o ther  words,  a l l  good p l ant s  are thrown away and only the 
b e s t  ones are grown agai n.  The number o f  s e e d l i n g s  which can be 
managed in s e l e c t i o n  i s  the b o t t l e  neck; any procedure p o s s e s s ­
ing a higher  e f f i c i e n c y  a l l ows  reduct ion  of  the t o t a l  amount o f  
s e e d l i n g s ,  or w i l l  d e l i v e r  a g r e a t e r  number of  s upe r i o r  p l a n t s .  
The p o t e n t i a l  o f  the c l a s s i c a l  t echni que  i s  decreased wi th the 
i n c r e a s i n g  number of  new breeding aims.  An optimal  combinat ion  
of  the a v a i l a b l e  t echni ques  for  a mixed a p p l i c a t i o n  o f  in v i t r o  
methods and c l a s s i c a l  approaches may overcome t h i s  d i f f i c u l t y .
Here we developed the f o l l o wi n g  breeding scheme (31 ) :  From auto-  
t e t r a p l o i d  c l o n e s  d i h a p l o i d s  are e x t r a c t e d  via a p a r t heno g ene t i c  
t e c h n i q u e ,  the i n t e r s p e c i f i c  cros s  with S.  p ku n e ja  ( 2 8 ) .  S t a r t ­
ing from normal h i g h l y  hetezygous  t e t r a p l o i d s ,  the d i h a p l o i d s  
w i l l  s t i l l  be he t erozygous .  To put combinat ion breeding on a 
more p r e d i c t a b l e  ba s i s  the d i h a p l o i d s  are made homozygous via a 
passage through the monohaploid l e v e l  with subsequent  doubl i ng.  
Each s t ep  i s  accompanied by s e l e c t i o n  for  the des i r e d  genotypes .  
The homozygous d i h a p l o i d s  are crossed  s e x u a l l y  to y i e l d  a hyb­
rid which combines s e v e r a l  charac t er s  of  the parent s .  From 
such hybrids  p r o t o p l a s t s  are i s o l a t e d  and fused with other  s e ­
l e c t e d  hybrids  to r e s u l t  in a compl e t e l y  he terozygous  new t e t r a -  
pl o i d  p l a n t ,  in which charac t er s  of  at  l e a s t  four s t a r t i n g  lines 
are combined.  The doubl ing of  the d i h a p l o i d s  onto the t e t r a p l o i d  
l e v e l  during f u s i o n  i s  g iven i n t o  the bargai n.
To avoid any mi sunders tandi ng ,  t h i s  does not mean that  f us i o n  
might d i s p l a c e  the c l a s s i c a l  t echni ques ;  F i r s t  one has to s e ­
l e c t  c o n v e n t i o n a l l y  on the d i ha p l o i d  l e v e l  and only t h e r e a f t e r  
one can combine s e l e c t e d  b e s t  m a t e r i a l ,  but now avoi di ng  the  
normal me i o t i c  s e g r e g a t i o n .
Fol l owi ng t h i s  scheme,  we are at  the moment r e s t r i c t e d  to a v a i l ­
able g enot ypes ,  p o s s e s s i ng  t i s s u e  c u l t u r e  a b i l i t y  and/or some 
of  the des i r e d  q u a l i t i e s .  To begin with we concent rated  our e x ­
periments  on charac t er s  with q u a l i t a t i v e  i n h e r i t a n c e .  Such e i ­
ther  - or r e a c t i o n s  s i m p l i f y  the d e t e c t i o n  a f t erwards .  The s y s ­
tem has of  course i t s  h igher  p o t e n t i a l  in q u a n t i t a t i v e l y  i n ­
h e r i t e d  c h a r a c t e r s ,  l i k e  y i e l d ,  q u a l i t y  and some r e s i s t a n c e s ,  
e . g .  a g a i ns t  potato  l e a f  r o l l  v i rus  (PLRV) and to the nematode 
Globodena pa.llA.da,  both polygeni  cal  ly i n h e r i t e d .  Via p r o t o p l a s t  
f u s i o n ,  there  i s  a f a i r  chance to combine such polygenes  of  two 
d i ha p l o i ds  in a new t e t r a p l o i d .
Bes i des  i n t e r h y b r i d  f us i o n  amongst S.  tubeno ium  c l o n e s ,  pr i mi ­
t i v e  v a r i e t i e s  or wi ld s p e c i e s  might a l s o  be i nc orporat e d .  For 
i n s t a n c e  from the s p e c i e s  S.  b n e v i d e n i , not s e x u a l l y  compat ibl e  
with 5.  t u b en o iu m ,  genes for  PLRV r e s i s t a n c e  might be e x t r a c t e d ,  
or from S. i p a m l p l l u m  the r e s i s t a n c e  to G. p a l l i d a .  Up t i l l  now 
we only fused S.  t ubeno ium  p r o t o p l a s t s  wi th a S.  pku.ne.ja c l one  
carry i ng  the nodal band marker.  As the amylase i soenzyme p a t ­
t erns  of  S.  p h u n e ja  and of  the d i ha p l o i ds  predominant ly used as 
one f u s i o n  partner  are s i g n i f i c a n t l y  d i f f e r e n t ,  an i d e n t i f i c a ­
t i on  o f  f us i on  products  should be p o s s i b l e .  During f us i on  with 
wi ld s p e c i e s ,  many undes i red genes are a l s o  i nt roduced i nt o  
the tubeno ium  genome and i t  wi l l  take t ime to s e l e c t  a g a i n s t  
t hes e  c h a r a c t e r s .  With some exc e p t i o ns  there w i l l  be a wider  
a p p l i c a b i l i t y  o f  i n t r a s p e c i f i c ,  predominant ly i n t erhy br i d  fu-
WENZEL
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s i o n s  at  t h i s  p a r t i c u l a r  t ime ( 5 0 ) .
As shown in Figure 4 ,  up t i l l  now we fused mainly p r o t o p l a s t s  
from the d i ha p l o i d  c l one  258,  which p o s s e s s e s  f i e l d  r e s i s ­
tance  to the p o l y g e n i c a l l y  i n h e r i t e d  PLRV and in a d d i t i o n  the  
major gene for  f i e l d  r e s i s t a n c e  to potato  v i rus  Y (PVY). This  
c l one  i s  grown a s e p t i c a l l y  as shoot  t i p  c u l t u r e .  As f us i o n  part  
ner we p r e f er  greenhouse grown c l ones  carryi ng  the dominant  
nodal band marker and the major gene for  f i e l d  r e s i s t a n c e  to 
potato  vi rus  X (PVX) and/or genes for  high seed product i on.
From t h i s  greenhouse grown mat er i a l  the maj or i ty  o f  the p r o t o ­
p l a s t s  w i l l  not  r e generat e  under our c u l t u r a l  c o n d i t i o n s  but  
i t s  dominant marker should be d e t e c t a b l e  in f us i o n  hybr ids .  To 
date we regenerat ed  about 2 , 000  p l ant s  (Fi g .  4 ) .  S e l e c t i o n  of  
t h i s  mater i a l  i s  under t r i a l .  As a p r e s e l e c t i o n  system we used 
the hybrid vigour and threw away 90 % smal l  c a l l u s e s  not e x ­
pres s i ng  s t rong v i gour .  In an a l i q u o t  o f  40 c a l l u s e s  (from more 
than 1 , 000)  we checked the p l o i dy  l e v e l  and found t hat  the c a l ­
l us e s  growing r a p i d l y  revea l ed  the t e t r a p l o i d  chromosome number
Autotetraploid clones 
of Solanum tuberosum MPI 49.540/2 MPI 49.540/2 MPI 44.1016/10 MPI 49.540/2
Parthenogenetic 
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Fi g.  4.  Scheme for  a combined a p p l i c a t i o n  of  c l a s s i c a l  and in 
v i t r o  t echni ques  in potato  breedi ng ,  and the data of  
the c l ones  under i n v e s t i g a t i o n  at pre s e nt .
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The l arge  c a l l u s e s  are induced to form shoots  and are s e l e c t e d  
for  the presence of  the nodal band marker - up t i l l  now three  
plant s  are found with t h i s  marker.  To make sure that  i t  i s  not  
only t h i s  parent  which grew in the presence of  a regenerat i ng  
second c l o n e ,  now the i soenzyme pat tern i s  checked to g i ve  a 
fur t he r  h i n t .  The f i n a l  proof  wi l l  be the f i e l d  t e s t  which has 
to prove the presence  of  the va l uabl e  charac t er s  of  both par­
ents  .
In p a r a l l e l  to t h i s  s t r i c t  s e l e c t i o n ,  we a l s o  f o l l o w a mi lder  
scheme.  Bes ides  the f i r s t  p r e s e l e c t i o n ,  which i s  necessary  to 
reduce the number of  regenerants  to a manageable s i z e ,  we grow 
a l l  p lant s  to matur i ty  and w i l l  t e s t  them in the f i e l d  in t h e i r  
tuber derived gener at i on .  Ci t i ng  pragmatism aga i n ,  i t  i s  not so 
important  to prove that  a f t e r  the f us i o n  experiment  the o f f ­
spri ng i s  r e a l l y  a somat i c  hybrid,  than to demonstrate t ha t  the  
product  i s  b e t t e r  than each of  the parents  and that  the s e l e c ­
t i on  was more e f f i c i e n t  compared to the c l a s s i c a l  approach.
CONCLUSION
Before summarizing,  I would l i k e  to mention b r i e f l y  progress  
with p r o t o p l a s t s  in other  appl i ed work with economi ca l l y  impor­
tant  p l a n t s .  F i r s t  one has to r e f e r  to tobacco where bes i des  
the new day neutral  l i n e  ( 4 9 ) ,  Gleba ( 5 1 ) ,  B e l l i a r d  e t  a l .  ( 5 2 ) ,  
and Zel cer  e t  a l . (53)  t r a n s f e r r e d  via f us i o n  the cyt opl as mi c  
male s t e r i l i t y  (cms pl as t ome) .  Also in Pi£un£a  cms cytoplasm 
t r a n s f e r  may f a c i l i t a t e  hybrid seed product ion (54 ) .  In the  
drug p lant  VatuJia. Sch i eder (55)  was s u c c e s s f u l  i n ~i ncreas i ng the 
a l k a l o i d  y i e l d  via f u s i o n  in new amphidiploid and consequent l y  
f e r t i l e  hybr ids .  Several  other approaches are d i s c us s e d  in de­
t a i l  in t h i s  volume.  The very p r e c i s e  breeding aims in drug 
pl ant s  encourage the a p p l i c a t i o n  of  in v i t r o  techni ques  as the 
economic r i s k  i s  more c a l c u l a b l e .  The h i g h e s t  p o t e n t i a l  o f  in 
v i t r o  t echni ques  i s  o f f e r e d  when c l ea r  and not too compl i cated  
breeding aims are f o c us e d ,  l i k e  the t r a n s f e r  of  j u s t  one charac­
t e r  from one v a r i e t y  to another or the i nc r e a s e  of  j u s t  one com­
ponent .  I favour the small  s t ep approach,  al though s p e c t a c u l a r  
f u s i o n s  l i ke  potato  with tomato (55)  may gain an appl i ed touch.
To summarize in a not too s c i e n t i f i c  way, I woqld s t a t e :  Ti ssue  
c u l t u r e  s t i l l  has the f l avour  of  alchemy - for  plant  breeding  
one needs green f i n g e r s .  As long as higher p l ant  g e n e t i c s  and 
higher  plant  phys i o l ogy  cannot p r e d i c t  what happens a f t e r  the  
combination ■of d i f f e r e n t  genomes. I  would recommend f o l l o wi n g  
pragmatic ways as a g r e e n - f i n g e r e d  a l chemi s t .
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ABSTRACT
Kanamycin r e s i s t a n c e  and pigment d e f i c i e n c y  of  the N i c o t i a n a  
i y t v a t K i i  c e l l  l i n e ,  KR103, have been c h a r a c t e r i s e d  as cy t o p l a s  
mic t r a i t s  a f t e r  f us i o n  wi th Ni.cot.La.na. k n i g h t i a n a  p r o t o p l a s t s .  
P i t f a l l s  o f  such an a n a l y s i s  are d i s c u s s e d .
Plants  regenerated from the somat i c  hybrids of  N i c o t i a n a  t a b a - 
cum + Nicotta.no. kn igh t iana .  conta i n  only N. k n i g h t i a n a  ch l oro-  
p l a s t s .  This f i n d i n g  may be expl a i ned by n uc l e o - c y t o p l a s mi c  i n ­
c o m p a t i b i l i t y ,  or the cho i ce  of  d i f f e r e n t  c e l l  types ( t i s s u e  c u l ­
t u r e ,  and l e a f  mesophyl l ,  p r o t o p l a s t s )  for  f u s i o n .
The use of  an i s o l a t e d  he terokaryon-nurse  c u l t u r e  system to ob­
t a i n  c l ones  from the N i c o t i a n a  tabacum  + A n a b i d o p i i i  t h a l i a n a  
heterokaryons i s  des cr i bed .
INTRODUCTION
Sexual c r o s s e s  between N i c o t i a n a  s sp .  y i e l d  hybrids  wi th only  
one type of  c h l o r o p l a s t s  and mitochondria s i n c e  they are i n h e r i t  
ed uni p a r e n t a l l y  ( ma t e r n a l l y ) .  By f  us ingprotop 1 a s t s  , mixed o r ­
g a n e l l e  popul at i ons  can be obtained which makes p o s s i b l e  novel  
approaches to the s tudy of  cyt opl as mi c  o r g a n e l l e s  in f l ower i ng  
pl ant s  ( 1 , 2 , 3 , 4 , 5 ) .
In t h i s  paper experiments  are descr i bed in which we used p r o t o ­
p l a s t  fus. ion to c h a r a c t e r i s e  a N i c o t i a n a  i y l ve . i tM . i i  c e l l  l i n e  
(KR103),  to s tudy the f a t e  of  c h l o r o p l a s t s  in N i c o t i a n a  tabacum 
* N i c o t i a n a  k n i g h t i a n a  somat i c  hybr i ds ,  and to e x p l o i t  uni paren­
tal  s t reptomyci n r e s i s t a n c e  in s cr een i ng  for  somat i c  hybr ids .
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CHARACTERISATION OF KANAMYCIN RESISTANCE AND PIGMENT DEFICIENCY 
OF THE N, SYLVESTRIS CELL LINE, KR103
Kanamycin r e s i s t a n c e . Plant  r e generat i on  from the kanamycin 
res i s tan t l i n e ,  KRl03,  i s  not  p o s s i b l e  ( 6 ) ,  so nuc l ear  or c y t o ­
plasmic l o c a t i o n  of  the r e s i s t a n c e  f a c t o r  could not  be d e t e r ­
mined in sexual  c r o s s e s .  Locat ion of  the r e s i s t a n c e  f a c t o r  was 
attempted by somat i c  g e n e t i c  s t u d i e s .  R e s i s t a n t  N. i y l v c i t a i i  
( KRl03) p r o t o p l a s t s  were fused wi th s e n s i t i v e  N. k n i g h t i a n a  
p r o t o p l a s t s  and the somat i c  hybrids  were s e l e c t e d  ( 7 ) .  Subseq-  
uerft ly,  i s o l a t i o n  of  r e s i s t a n t  and s e n s i t i v e  hybrid subc lones  
was at tempted s i n c e  s e g r e g a t i o n  i s  expected i f  the t r a i t  i s  
cy t o p l a s mi c  ( 1 , 2 , 3 , 4 , 5 ) .  Cor re l a t i on  between r e s i s t a n c e  and the  
presence  of  a N. k y l v t b t a i i ,  (KR103) o r g a n e l l e  was to be conf i rm­
ed by i d e n t i f y i n g  c h l o r o p l a s j s  and mi tochondria in the s u bc l o n e s .
I n i t i a l l y ,  a l l  hybrid c a l l i  were r e s i s t a n t  to kanamycin whether  
(7)  or not (8)  kanamycin r e s i s t a n c e  was used for  s e l e c t i o n  to 
i s o l a t e  the hybr ids .  Kanamycin r e s i s t a n c e  of  the KR103 l i n e  i s  
t h e r e f o r e  cons i dered  to be a dominant t r a i t .
In order to al low time f or  the s eg r e g a t i o n  o f  the o r g a n e l l e s  
the hybrid c e l l s  were grown for  many c e l l  g e n e r a t i o n s .  Port ions  
o f  the HI and H2 hybrid c a l l i  (7)  were s ubcul tured  s e v e r a l  t imes  
on s e l e c t i v e  agar medium c o n t a i n i ng  50 ug/ml kanamycin s u l phat e  
or in kanamycin- free  l i q u i d  medium. The s u b l i n e s ,  that  i s  c u l ­
tures  o f  the same l i n e  maintained i ndependent l y  during an 18 
month per i od ,  were t e s t e d  for  r e s i s t a n c e  to kanamycin a f t e r  
three  to f i v e  s u bc u l t u r e s  in absence of  s e l e c t i o n  pres sure  
(Table 1) .  Some of  the l i n e s  are f u l l y  r e s i s t a n t  whi l e  others  
are as s e n s i t i v e  as c a l l i  i n i t i a t e d  from s e n s i t i v e  p l a n t s .  Most 
of  the l i n e s  e x h i b i t  i n t ermedi a t e  l e v e l s  o f  r e s i s t a n c e .  The 
values  are d i s t r i b u t e d  c o n t i n uo u s l y  between the two extremes .
In c u l t u r e s  o f  the s e n s i t i v e  and weakly r e s i s t a n t  s u b l i n e s  the  
appearance of  r e s i s t a n t  s e c t o r s  i s  f r equent .  Such a r e s i s t a n t  
s egr egant  i s  the H2-61P1R2 c a l l u s  l i n e  which was i s o l a t e d  from 
l e a f  c a l l u s  of  the s e n s i t i v e  H2-61P1 p l ant  (Table 1) .  The a b i 1 - 
i t y  to s e g r e g a t e  r e s i s t a n t  subc lones  was maintained t h e r e f o r e ,  
through p lant  r e g e n e r a t i o n .  The p l ant s  regenerated from the  
HI - 4 2,  Hl-62 and H2-70 l i n e s  are a l l  s e n s i t i v e  (Table 1) .
At the t ime of  f us i o n  the KRl03 c u l t u r e s  conta i ned predominant  
ly c e l l s  wi th 72 chromosomes (n=X=12),  and low proport i on wi th  
96 chromosomes.  Mesophyll  c e l l s  o f  N. k n l g h t l a n a  were prepared 
from d i p l o i d  (2n=2X=24) p l a n t s .  Pl ants  regenerated from the  
somat i c  hybrid c a l l u s  conta i n  d i f f e r e n t  and v a r i a b l e  numbers of  
chromosomes.  For example in root  t i p s  some mean values  were:
Hl - 23BK p l a n t ,  71 chromosomes (range:  54-84 ) ,  HI-42SP2 p l a n t ,
60 chromosomes (range:  52-67),  H1-62P1B p l a n t ,  63 chromosomes 
(range:  6 1 - 6 6 ) .  S ince  chromosome numbers are lower than the ad­
d i t i o n  of  the numbers in the parental  c e l l s  the p o s s i b i l i t y  that  
the l o s s  of  r e s i s t a n c e  i s  due to the s e l e c t i v e  e l i m i n a t i o n  of  
the KR103 genome was cons i de red .  To t e s t  t h i s  hypot hes i s  i s o ­
enzymes were s tud i e d  in the s u b l i n e s  because t h i s  technique  
proved use fu l  to d e t e c t  chromosome ( t o t a l  genome) e l i mi n a t i o n  
in soybean + N. g l a n c a  somat i c  hybrids  ( 9 ) .
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TABLE 1 Segreg a t i o n  f or  kanam.'/ c i n  r e s i s t a n c e  in the somat i c
hybrid1 c e l l  l i n e s  of  t'i. i  qlve.itn.-Li) (KR1 03 ) + N. k n l g h t i
ana
Growth on kanamycin medium 
0 ug/ml 50 ug/ml
Growth i n h i b i t i o n  
(%) by 50 ug/ml  
kanamyci n
Parental  l i n e s
N. a y l v m t A l i 987 + 116 94 + 1 1 1 0
N. k n l g h t l a n a 656 + 46 28 + 2 4
KR103-R 926 + 11 1 991 + 1 50 107
KR103-S 1189 + 1 25 46 + 6 4
Hybrid c l ones
H1 - 23 558 + 83 32 + 6 7
H1-62B 1138 + 67 30 + 5 3
HI - 21 OK 1096 + 167 1 2 + 1 1
H2-61P l R2 11 02 + 11 2 1 1 27 + 76 102
H2-73 11 56 + 54 1013 + 70 86
H2-S54 654 + 92 289 + 29 44
H2-S7 11 43 + 127 321 + 95 26
H2-22Z 1 244 + 172 1 40 + 108 1 1
Cal lus  from pi ants
HI-42SP2 1 259 + 143 40 + 4 3
H1-62P1B1 1219 + 70 55 + 1 2 5
H2-70P1A 828 + 196 59 + 12 7
Re s i s t a n c e  was scored as the a b i l i t y  to grow (mg f res h  wt.  
+ s . e . m . )  on RMP medium c o nt a i n i ng  50 ug/ml kanamycin s u l ­
phate.  Cal l i  ( i n i t i a l  wt.  20-25 mg) were grown in Petri  
di s hes  (9 p i e ce s  in a di sh with a 10 cm diameter)  c o n t a i n ­
ing 20 ml of  medium. Cul tures  were incubated in darkness  
and weighted a f t e r  5 weeks.  Cul ture procedures have been 
descr i bed in more d e t a i l  p r e v i o u s l y  ( 7 ) .
S e n s i t i v e  and r e s i s t a n t  c e l l  l i n e s ,  and s e n s i t i v e  p l a n t s ,  main­
ta i ned the hybrid pat t erns  as i nd i c a t e d  by s t u d i e s  of  the e s ­
t e r a s e  and a l cohol  dehydrogenase i soenzymes .  Es t erase  i s o e n ­
zymes from l eaves  are shown in Fig.  1. The renegenerates  e x h i b i t  
a combinat ion o f  the morphological  c h a r a c t e r i s t i c s  of  the
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Fig.  1. Es t eras e  i soenzymes in l e a f  e x t r a c t s  of  N. i y l v u i t r a *
+ W. knlgln.tla.na. somat i c  hybrid plants  a f t e r  s eparat i on  
by polyacryl ami de  gel  e l e c t r o p h o r e s i s .  Samples (100 ul) 
were run from N. i y l v z i t U i  SI. k n l g k t i a n a  2,  mixed 
1+2 3,  H2-70P1B 4,  H1-62P1B1 5,  H1-42SP2 6,  HI-62P1B37,  
and "Hi-42SP4 8.  Methods as descr ibed by Maliga e t  a l .
pa rent s ,  winged l eaves  o f  M. A y l v z i t a t i  and h a i r i n e s s  of  SI. 
k n l g k t i a n a .  The chromosomes of  the r e s i s t a n t  parent  t he r e f o r e  
have not been compl et e l y  e l i m i n a t e d .  Loss of  chromosomes which 
are not coding for  the s t ud i e d  i soenzymes ,  however,  cannot  be 
exc luded.
Dominance of  kanamycin r e s i s t a n c e  in the somatic hybr i ds ,  s o r t ­
ing out  of  l i n e s  with d i f f e r e n t  and cont i nuous l y  d i s t r i b u t e d  
l e v e l s  of  r e s i s t a n c e  and maintenance of  some of  the r e s i s t a n t  
determinants  even in s e n s i t i v e  c e l l s ,  i n d i c a t e s  that  kanamycin 
r e s i s t a n c e  being coded f or  by a l arge  number of  g e n e t i c  d e t e r ­
minants which may e a s i l y  s egr egat e  during m i t o s i s .  Experiments  
from other l a b o r a t o r i e s  ( 1 , 2 , 3 , 4 , 5 )  i nd i c a t e  t ha t  t h i s  behavior  
i s  p r e d i c t a b l e  i f  the t r a i t  i s  coded by o r g a n e l l a r  DNA. On the  
other  hand the v a r i a b l e  chromosome numbers s ugges t  that  our 
r e s u l t s  can a l s o  be expl a i ned by chromosome s e g r e g a t i o n  in p o l y ­
p lo i d  c e l l s .  Independent s e g r e g a t i o n  of  kanamycin r e s i s t a n c e  
and parental  nuc le i  in i s o l a t e d  heterokaryons  ( 8 ) ,  however,  
supports  the cyt opl as mi c  nature of  kanamycin r e s i s t a n c e .
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The KR103 c e l l s ,  from which the p r o t o p l a s t s  were prepared for  
f u s i o n ,  have been grown on n o n - s e l e c t i v e  medium. We r e a l i s e d  du­
ring the course  of  t h e s e  exper iments  t ha t  the KR103 l i n e  s e g r e ­
gates  s e n s i t i v e  c e l l s  (data shown in Table 1) .  I t  cannot  be ex ­
cluded t hat  the p r o t o p l a s t s  which were i nvo l ved  in f us i o n  con­
t a i ned  a l s o  some s e n s i t i v e  de termi nant s .  S t udi es  on the i d e n t i ­
ty o f  o r g a n e l l e s  t h e r e f o r e  should not  y i e l d  unequivocal  r e s u l t s ,  
and i t  w i l l  not be i n v e s t i g a t e d .  I n s t a b i l i t y  i s  not a general  
c h a r a c t e r i s t i c  o f  the kanamycin r e s i s t a n t  l i n e s  s i n c e ,  e . g .  the 
KR115 l i n e ,  i s o l a t e d  at  the same time (6)  maintains  f u l l  r e s i s ­
tance .
Pigment d e f i c i e n c y . K.R 103 c e l l s  grow as w h i t e ,  unpigmented
c a l l u s , even on "greening medium" (6)  which may be due to nuc­
l ea r  or cy t opl as mi c  mutat i ons .  In the absence of  p lant  regenera­
t i on  the cho i c e  between t h e s e  a l t e r n a t i v e s ,  could be attempted  
by l ooki ng f or  mixed c h l o r o p l a s t s  popul a t i ons  in somat i c  hybrid 
c e l l s ,  an i n d i c a t i o n ,  that  pigment d e f i c i e n c y  i s  due to plastome  
mutat ion ( c l a s s i f i c a t i o n  of  plastome mutat ions  at  the p l ant  l e v ­
el i s  d i s c us s e d  by Hagemann in r e f .  no. 1 0 . ) .  El ectronmi cro-  
s c o p i c  i n v e s t i g a t i o n s  revea l ed  such c e l l s ,  c o nt a i n i ng  the pro-  
p l a s t i d - l i k e  s t r u c t u r e s  of  KR103 and normal c h l o r o p l a s t s  from
N. k n l g h t l a n a  ( 7 ) .  As p r e d i c t e d ,  green l e a v e s  of  the HI (Hl-  
-62P1B1) and H2 (H2-70P1B) re generat es  contai ned only N. kn- iaht-  
■Lana c h l o r o p l a s t s  (Fi g .  2 ) .  Appearance of  whi te  s e c t o r s  on tne  
l eaves  o f  some of  the somat i c  hybrid p l ant s  i n d i c a t e s  that  some 
KR103 p l a s t i d s  were maintained during plant  r e g e n e r a t i o n .
I n t e r p r e t a t i o n  o f  our data may be more compl i cated i f  we suppose  
t h a t ,  in t h i s  s p e c i e s  combi nat i on,  the type of  hybrid v a r i e g a ­
t i on  e x i s t s ,  which has been des cr i bed  in Oe.notlae.fia ( 12 ) .
Sexual  hybr i ds ,  or somat i c  hybrids  wi th normal N. A y l v z i t f u . 4  
p l a s t i d s  are not a v a i l a b l e  to exc lude  t h i s  p o s s i b i l i t y .
CHL0R0PLAST SEGREGATION IN THE M. TA8ACUM + N. KNIGHT!AN A
SOMATIC HYBRIDS
Somat ic ,  unl i ke  s e x u a l ,  hybrids  may conta i n  c h l o r o p l a s t s  of  e i ­
ther parent ,  t ha t  i s ,  there  i s  b i pare nt a l  t r a ns mi s s i o n  of  c h l o ­
r o p l a s t s  ( 1 , 2 , 3 , 4 , 5 ) .  Sexual hybrids  o f  N. tabacum  and N. k n t g h t -  
Ia.no. could be obtained only by us ing N. k n l g k t t a n a  as a female  
parent  ( 1 3 ) .  Product ion of  hybrids  wi th the N. tabacum  c h l o r o ­
p l a s t s  was t h e r e f o r e  at tempted by somat i c  h y b r i d i s a t i o n .
Experiments o f  Chen e t  a l .  (2)  i n d i c a t e  that  in the somat i c  
hybrid c e l l s  a mixed c h l o r o p l a s t  popul at i on  i s  maintained for  
a r e l a t i v e l y  long period of  t i me ,  and re generat i on  of  p l ant s  
with d i f f e r e n t  c h l o r o p l a s t s  i s  p o s s i b l e  from the same hybrid 
c l one .  A number ( a l t o g e t h e r  28) of  shoot s  was t h e r e f o r e  regen­
erated from the a v a i l a b l e  3 somat i c  hybrid c a l l i ,  grown i nt o  
p l a n t s ,  and the c h l o r o p l a s t s  were i d e n t i f i e d  by the s p e c i e s
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Fig.  2 I d e n t i f i c a t i o n  of  c h i o r o p l a s t s  in the l eaves  o f  the
M. i y l v e .A tA . i i  + N. k n i g h t i a n a  somatic hybrids by the 
r e s t r i c t i o n  pat tern of  c h l o r o p l a s t  DNA. Pat terns  of  
M. i y l v e . i t A . i i  (N-i), W. k n i g h t i a n a  (Wfe), and HI (Hl-  
-62P1B1) and an H2 (H2-70P1B) regenerat es  are shown.  
Methods as descr ibed by Atchi son e t  a ! .  ( I I ) .
s p e c i f i c  r e s t r i c t i o n  pat t erns  of  the c h l o r o p l a s t  DNA’s.
All  the regenerat es  contai ned e x c l u s i v e l y  N. k n i g h t i a n a  ch l oro -  
p l a s t s ,  that  i s  the somatic hybrids are of  the same type as 
those  which can be produced by sexual  c r o s s e s .  This may be e x ­
p la i ned by the i n c o m p a t i b i l i t y  o f  W. tabaaum  c h l o r o p l a s t s  with 
the hybrid nuc leus .  To t e s t  t h i s  h y p o t h e s i s ,  product ion of  such 
hybrids  was attempted by i n  v i t a o  p o l l i n a t i o n .  This experiment  
i s  i n c o n c l us i v e  so far  s i n c e  the s i x  plants  obtained a f t e r  p o l ­
l i n a t i n g  N. tabaaum  with N. k n i g h t i a n a  i n  v i t n o  turned out to 
be par t henogene t i c  N. ta b aaum .  A l t e r n a t i v e l y ,  our r e s u l t s  may 
be exp l a i ned  by the s u c c e s s f u l  compet i t i on  of  c h l o r o p l a s t s  de­
r ived from the l e a f  mesophyl l  p r o t o p l a s t s  of  N. k n i g h t i a n a  with 
the s mal l er  number of  p r o p l a s t i d s  o f  the N. tabaaum  pr o t o p l a s t  
i s o l a t e d  from a cu l tured  c e l l .
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USE OF THE ISOLATED HETEROKARYON - NURSE CULTURE SYSTEM 
TO SELECT CLONES DERIVED FROM M. TABACUM + ARA8IP0PSIS THA LIANA
HETEROKARYONS
After  f u s i ng  t i s s u e  c u l t u r e  p r o t o p l a s t s  and l e a f  mesophyl l  pro­
t o p l a s t s ,  heterokaryons of  N. i, yl\ict> tn.it> and N. knlght la.no.  could 
be i d e n t i f i e d  by t h e i r  c h a r a c t e r i s t i c  morphology.  Heterokaryons  
were i s o l a t e d  by mi cr o pi pe t t e  and t r a ns f e r r e d  i n t o  an a l b i no  
nurse c u l t u r e .  On e - f i f t h  of  the green c a l l i  (4 out  of  2 5 ) ,  found 
among the whi te nursing c a l l i  were shown to be somatic hybrids  
( 8 ) .  S i mi l ar  data were obtained by Gleba and Ber l i n  (14)  in a 
s i n g l e  c e l l  systern.
We used our i s o l a t e d  heterokaryon-nurse  cu l t u r e  system to study  
the v i a b i l i t y  of  the heterokaryons  of  the d i s t a n t  s p e c i e s  N. 
ta.ba.c-um + A n a b i d o p i i i  tha.lia.na,,  hoping to recover  a few somat i c  
hybrids among the h e t e r o k a r y o n - d e r i ved c l o n e s .  P r o t o p l a s t s ,  pre­
pared from l e a f  mesophyl l  c e l l s  of  the uni parenta l  s t reptomyci n  
r e s i s t a n t  tobacco mutant,  SRI ( 1 5 ) ,  were fused with p r o t o p l a s t s ,  
prepared from a suspens i on  c u l t u r e  of  A. t h a l i a n a  race Columbia.  
I s o l a t i o n  and cu l t u r e  of  A n a b i d o p t i i  p r o t o p l a s t s  (16)  and the  
method of  f us i on  i nduc t i on  (7)  have been descr i bed p r e v i o u s l y .  
Heterokaryons were i s o l a t e d  a f t e r  72 hours and cu l t ured  in a 
s treptomyci n s e n s i t i v e  tobacco nurse in l i qu i d  medium under con­
d i t i o n s  which favoured c a l l u s  formation from tobacco p r o t o p l a s t s  
( K3 medium, re f  1 7 . ) .  Small c a l l i  obtained a f t e r  three weeks 
t ime were plat ed i n t o  s e l e c t i v e  RMB medium (7)  cont a i n i ng  300 
ug/ml s t reptomyci n s u l pha t e .  In t h i s  medium s e n s i t i v e  nursing  
c e l l s  form whi te  c a l l i .  In c u l t u r e s  i n t o  which 335 heterokaryons  
were mixed,  59 r e s i s t a n t  green c a l l i  were recovered.  These c a l ­
l i  were f ur t he r  grown on d r ug - f r ee  p lant  regenerat i on  medium 
(RMO, r e f .  15) .  In a s i m i l a r  s i z e  s e n s i t i v e  tobacco popul at i on  
no green c a l l i  were found.  Data on the e s t e r a s e  and a l cohol  de­
hydrogenase i soenzymes i n d i c a t e  that  the 12 l i n e s  s tudi ed  so 
far  conta i n  no g e n e t i c  mater i al  from An.abidopt>it> t h a l i a n a .
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INTRODUCTION
The protoplast fusion technique offers an experimental approach 
to the genetic study of nucleo-cytoplasmic interactions in the 
male sterile system. The process is unique in that it provides 
a means of combining the total genetic information (nuclear and 
cytoplasmic) of two cells. We describe a mixture of two genetic­
ally different cytoplasms as "hybrid cytoplasm". Plants derived 
from such a cell should inherit cytoplasmically determined char­
acters from one or both of the parental strains. We chose to 
study regenerated plants from protoplast fusion of normal t a b a ­
aum protoplasts and protoplasts of N .tabaaum  with d e b n e y i  cyto­
plasm. These cytoplasmic male sterile plants possess flowers 
with ribbonned petals, stamens with rolled filaments ending in 
stigmates. These morphological characters are our genetic mar­
kers of d e b n e y i  cytoplasm. Protoplast fusion between the two 
types leads to the formation of plants containing hybrid cyto­
plasm.
MATERIALS AND METHODS
Plant material. Protoplasts are isolated from three varieties of 
N i o o t i a n a  tabaaum  (2n=48) . The varieties Samsun ( Sf) and Xanthi 
(Xf) have petiolated leaves (a mendelian character) and normal 
flowers. Techne (Ts), the third variety, has been obtained by 
Tsikov et al. (1) from the interspecific cross: female N. d e b ­
n e y i  x male N. ta b a a u m, followed by backcrosses with N. tabaaum  
as the male parent. These Ts plants possess the tabaaum  nucleus 
in d e b n e y  cytoplasm, and are characterized by sessile leaves and 
abnormal flowers with male sterility. Therefore, the shape of 
leaves and the shape of flowers provide nuclear and cytoplasmic 
markers, respectively. Ts. Xf and Ts. Sf sexual hybrids have 
distinctive leaves with wings on each side of the petiole 
and are male sterile like the Ts parent.
Isolation and fusion of protoplasts. Leaf protoplasts are iso- 
lated according to Chupeau et al. f2) by using a mixed enzyme 
treatment. The peeled leaves are put on the surface of macera­
tion solution containing 0.2 % cellulase RIO, 0.1 % pectinase
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RIO, 11 % mannitol, 6 mM CaCl7, 0,7 mM Na9HP04 (pH 5.5) for 16 h  
at 20°C.
Fusions are achieved between protoplasts from one of the two 
fertile varieties (Sf or Xf) and protoplasts from the cytoplas­
mic male sterile variety (Ts). In the first experiments, Sf pro­
toplasts were used but these were replaced by Xf protoplasts be­
cause plantlet regeneration, in vitro, from Sf protoplasts could 
not be obtained in our experimental conditions. Protoplasts are 
induced to fuse according to Kao and Michaylulc (3). Each experi­
ment is constituted by six assays in order to estimate the fu­
sion ratio induced between Ts and Xf (or Sf) protoplasts, by po­
lyethylene glycol 1500 and to rule out artifacts induced by in 
vitro culture:
BELLIARD AND PELLETIER
1 Mp Ts + Xf 'or Ts + Sf) with PEG 1500
2 Mo Ts + Xf ,or Ts + Sf) without PEG )3 Ts0 Ts alone without PEG )4 Xfo Xf alone without PEG )5 Tsp Ts alone with PEG )6 Xfp Xf alone with PEG )
Protoplast culture and plant regeneration. After the fusion 
treatment, protoplasts are cultured in the following medium: 
Murashige and Skoog macro-nutrients diluted at half; Heller 
micro-nutrients; Morel vitamins ; 37.3 mg/1 Na2EDTA plus 27.8 
mg/1 FeS04.7H20; 20 g/1 sucrose; 100 g/1 glucose; 750 mg/1 bo­
vine serum albumin fraction V; 1 mg/1 naphtalene acetic acid 
(NAA) and 0.2 mg/1 6-benzyl-adenine, pH 5.8. The cell density of 
the culture is about 50,000 protoplasts per ml of liquid medium. 
After three weeks calli are plated on solid medium with 20 g/1 
sucrose, 1 mg/1 6-benzyl-adenine,no glucose and no NAA. Buds 
are formed in about 2-3 weeks and are transferred for root ini­
tiation on solid medium without any growth substances. In these 
experiments we have only transferred the first bud formed from 
each callus. So we have kept only one regenerated plant from 
each protoplast.
Isolation of chloroplastic (cp) DNA. The cp-DNAs are extracted 
as described be Vedel et al. (4). Chloroplasts prepared from 
deribbed leaves are treated by DNase to remove nuclear DNA. The 
DNase-treated chloroplast pellet is lysed by sarcosyl-pronase 
treatment and the lysate centrifuged on a two-step CsCl-ethidium 
bromide gradient. The cp-DNA is recovered as the fluorescent 
band and pelleted by ultracentrifugation.
EcoRI cleavage and electrophoresis of the cp-DNA restriction 
fragments. EcoRI restriction enzyme is prepared according to 
Thomas and Davis (5). The purified cp-DNA is exhaustively digest­
ed by EcoRI enzyme and the specific fragments are separated by 
electrophoresis on 0.7 % agarose gel.
Isolation of mitochondrial (mt) DNA. Green leaves are used be- 
cause etiolated material cannot be obtained with tobacco. DNase- 
-treated organelles are purified by centrifugation on two-layer 
gradient of 30 and 60 % sucrose, mt DNA is extracted as describ­
ed for cp-DNA and then purified by linear CsCl-ethidium brom­
ide gradient centrifugation, for 2 days at 105,000 g, in place 
of the two-step CsCl-ethidium bromide gradient. This last modifi-
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cation leads to cleaner mt DNA bands.
Sal 1 cleavage and electrophoresis of mt DNA restriction frag­
ments. Sal 1 enzyme is prepared according to Dr. Roberts [un­
published). Experimental conditions for mt DNA digestion and 
agarose gel electrophoresis are as previously described for 
cp-DNA.
RESULTS
Phenotypic distribution of the regenerated plants. The re­
generated plants are distinguished first according to the shape 
of leaves, allowing us to determine the variety (Techne or 
Xanthi) or the nuclear somatic hybrids, then, according to the 
shape of flowers and the male fertility or sterility. As we 
have no early screening in our experimental system, we have re­
generated about 2,500 plants. First, plants regenerated from 
control assays appear always identical to the initial plants, 
in respect to the leaf and flower shapes. These controls in­
dicate that the in vitro culture as well as the PEG treatment 
do not induce phenotypical modifications regarding only the 
markers retained. Second, plants regenerated from the mixture 
of Ts and Xf protoplasts after PEG treatment fall into 3 clas­
ses: (1) 654 are identical to one or the other parent, in re­
spect of both leaf and flower morphologies; (2) 213 possess 
leaves identical to the Ts parent and flowers intermediate bet­
ween the two parental ones. These plants exhibit the character­
istic chromosome number of N. tabaoum (2n=48) and are named Ti. 
12 plants have the petiolated leaves of the Xf parent but bear 
flowers intermediate between those of the two parents; they are 
named Xi; (3) _57 present modified flowers like Ti and Xi but 
also intermediate leaves (petiolated with wings). They are 
called Hi. These regenerated plants possess various chromosome 
numbers from 50 to 106. Some of them have 96 chromosomes. In a 
previous experiment, plants regenerated from the mixture of 
Ts and Sf protoplasts after PEG treatment fall into the above 
3 classes in the following way: 451 Ts, 40 Ti and 2 Hi. (But 
we never obtained the Sf parent or Si types with our experi­
mental conditions).
Floral phenotypic distributions of Ti and Xi plants and of 
their progenies. The shape of the flowers from Ti and Xi 
plants appears modified in different ways involving corolla, 
stamen filament and anther. The new phenotypes present a con­
tinuous variation between the sterile and fertile types. Ac­
cording to the good correlation found between the respective 
modifications of the flower morphology, the 253 Ti plants 
(213 from Ts + Xf and 40 from Ts + Sf fusion experiments) sort 
out into 4 classes and are randomly distributed between them. 
Plants belonging to class I are characterized by flowers pro­
ducing pollen. However, their fertility is always lower than 
that of the normal parent and selfing requires "manual inter­
vention" because of the reduced length of the stamens. Plants 
from classes II, III and IV are always male sterile. The major-
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ity of the Ti plants bear only one kind of flower; yet, about 
10 % of the Ti plants bear two or three flower types, each lo­
cated on different stems. Only 12 Xi plants have been obtained. 
They exhibit the same variability of the floral phenotypes as 
the Ti plants. In the extreme cases, we get the transfer of 
the male sterility from one variety to.another, or the restora­
tion of fertility, since we obtain, by protoplast fusion, the 
transfers: Ts -* Tf - and Xf -*• Xs. We have to verify if this 
transfer is definitive.
Verification of the stability and the maternal inheritance of 
new floral phenotypes of Ti, Xi and Hi plants, through vegeta­
tive multiplication and sexual generations. First we have kept 
the regenerated Ti, Xi and Hi plants for two or three years, in 
the greenhouse and have cut the principal shoot several times.
We have also planted slips from them. We have observed the 
stability of each type of intermediate flower in these condi­
tions. The offsprings of the following crosses have been studi­
ed in field and in greenhouse.
- Ti . Tf, Ti . Tf2, Ti . Tf3, Ti . Tf4 and Ti . Xf.
- Tf . Ti and selfing for the Ti plants from class I.
- Xi . Xf, Xi . Xf2, Xi . Xf3, Xi . Xf4 and Xi . Tf.
All the progenies appear phenotypically homogeneous and iden­
tical to the mother plant . The same results are obtained with 
the first, second, third and fourth generations. Each progeny 
includes 75 plants and the total analysis involves about 25,000 
plants. These observations lead to important conclusions:
(1) the modified floral characters are always cytoplasmically 
inherited; (2) the final stability of the new floral pheno­
types obtained from protoplast fusion is demonstrated. Conse­
quently, we have proposed the following hypothesis: - the Xi 
and Ti plants are cytoplasmic hybrids with only one parent 
nucleus: they are cybrids. - the Hi plants are both nuclear 
and cytoplasmic somatic hybrids. We have undertaken the ana­
lysis of the cytoplasmic DNAs of the first progenies of some Ti 
and Xi cybrids to establish the level of hybridization after 
the mixing of two species cytoplasms. We have used the specific 
cleavage of circular DNA molecules by restriction endonucleases.
Analysis of chloroplast DNA of some Ti and Xi cybrids with 
EcoRI enzyme. We nave seen that the tabaoum and debneyi. cp DNAs 
have distinct restriction patterns. So, cp DNA, when cleaved by 
EcoRI enzyme, appears as a very useful genetic marker to dis­
tinguish debney-i and tabaoum cytoplasms. Cp DNA of N. tabaoum 
var. Samsun is identical to cp DNA of N. tabaoum var Xanthi.
We have chosen, for our study, homogeneous cybrids, bearing 
only one type of intermediate flower. Furthermore, the nine 
cybrids (6 Ti and 3 Xi) represent the total variability of the 
new phenotypes obtained by cytoplasmic hybridization.
It is worth noting that each cybrid contains only one or the 
other of the two parent cp DNAs:neither mixture norcombination 
have been observed on the electrophoretic patterns. According 
to the technique used, a ten per cent mixture of the two cp 
DNAs would have been detected. The initial mixture of the two
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Table 1 - Relationship between floral phenotype and 
type of cp DNA
Plants Classes Male organ cp DNA
parents
Ts sterile debneyi D
Xf or Sf “ fertile tabaoum T
Tl 6 1 I fertile ips’f
T<*7 I fertile D
t 27 I fertile D
T1 II sterile D
T75 III sterile D
T1 3 IV sterile D
Xi IV sterile D*
X7 IV sterile D*
Xe II sterile T
’■These plants represent the change of sterile Techne 
into fertile Techne and of fertile Xanthi into ster­
ile Xanthi.
cytoplasms is thus followed by the elimination of one of the two 
parent cp DNA molecules. Table 1 also presents a comparison of 
the phenotypic marker of cytoplasm with the cp DNA for a given 
class of plants. It is clear that the flower morphology and the 
male sterility or male fertility could be changed whereas the 
cp DNA remained unmodified. This finding suggests that cp DNA is 
probably not involved or is not involved alone in cytoplasmic 
male sterility of tobacco. However, it is noticeable that the 
greatest modifications, represented respectively by passages 
from sterile Techne to fertile Techne and from fertile Xanthi to 
sterile Xanthi (see asterisks on Table 1), are correlated with 
cp DNA changes.
Analysis of mitochondrial DNAs. With F. Vedel, we have adapted 
the method of Kolodner et al. (6). Sal 1 digestion is used in­
stead of EcoRI, because preliminary results have shown the EcoRI 
mt DNA restriction fragments to be too numerous.The mt DNAs from 
Ts parent (debneyi cytoplasm) and from Xf parent (tabaoum cyto­
plasm) lead to two distinct Sal 1 restriction patterns. As 
shown by Table 2, Ts and Xf mt DNA restriction patterns exhibit 
38 and 31 bands, respectively. Among these, 20 appear common to 
debneyi and tabaoum mt DNAs, 18 are specific to Ts (debney) mt 
DNA, and 11 are specific to Xf (tabaoum) mt DNA. Consequently, 
the pattern corresponding to a mixture of the two parent mt DNAs 
is constituted by 49 bands. We find that the three following 
varieties of N. tabaoum used in our experiments, Xf, Sf and Tf 
(fertile Techne variety with the tabaoum cytoplasm) have iden­
tical mt DNAs. Each of the nine cybrids contains a unique mt DNA 
quite distinguishable from both parent mt DNAs, and from their 
mixture. However, the cybrid patterns always contain mt DNA
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fragments belonging to both parents and further, in all but one, 
new bands appear. The number of bands on the cybrid patterns 
varies from 35 to 41.
Table 2 - Sal 1 digests from mt DNAs
Classes bands
Plants (fertility or 
sterility) Common deb n e y i  tab a e u m New Total
Xf, Sf, Tf Fertile : F 20 - 11 - 31
Ts, Tsp Sterile : S 20 18 " 38
Ti 6 1 I (F) 20 8 7 3 38
Ti+7 I (F) 18 9 7 1 35
Ti T27 I (F) 19 12 7 1 39
T1 II (S) 17 12 5 4 38
T75 III (S) 17 15 3 2 37
Ti 3 IV (S) 20 18 1 - 39
Xe II (S) 20 16 3 1 40
Xi Xi IV (S) 19 17 3 2 41
X7 IV (S) 20 17 1 1 39
Xf, Sf, Tf: varieties with 
flowers.
t a b a e u m cytoplasm, normal and fertile
Ts : variety with debneyi 
sterile flowers.
cytoplasm, abnormal and male
Tsp * con t r o l  plant: plant regenerated abnormal and male sterile flowers 
parent ones.
from Tsp assay with 
identical to Ts
Table 2 also reports the distribution of the specific parent 
bands and of the common ones, for each cybrid mt DNA. A correla­
tion clearly appears between the flower shape and male sterility 
or fertility and the ratio of specific deb n e y i and tab a e u m bands. 
That is, an increase in the degree of sterility through the dif­
ferent phenotypical classes of the cybrids corresponds to an 
increase in the number of the d e b n e y i specific fragments.
DISCUSSION
The fate of the mt DNA after the initial fusion of d ebneyi and 
tab a e u m cytoplasms is strikingly different from that of the 
cp DNA, in our cytoplasmic hybrid plants. Indeed, the present 
results, with the previous observations concerning the maternal 
inheritance and the stability of the floral markers provides 
evidence that protoplast fusion leads to the formation of new 
cytoplasms. The mt DNA plays an important role in the nucleo- 
-cytoplasmic interaction determining floral morphology and male
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sterility in tobacco. Related to the field of the nucleo-cyto- 
plasmic interaction, the production of intermediate flower types 
has been reported before both by Tsikov and by Sand (7) from 
the backcrosses following the interspecific hybridization bet­
ween N. debnéyi and N. tabacum and they have demonstrated the 
nuclear determination of their intermediate flower types. How­
ever, according to our results, flower morphology and male 
sterility in tobacco are actually controlled by nucleo-mito- 
chondrial interaction. The presence of new bands on the cybrid 
mt DNA restriction patterns is the physical proof of mitochond­
rial recombination in somatic hybrid cells. In animals, somatic 
cell fusion has been emphasized as a useful tool for mitochond­
rial genetics. In 1974, Dawid et al. (8) demonstrated mitochond­
rial recombination in hybrid cells derived from fusion of human 
cells and mouse or rat cells. In higher plants, advantages of 
somatic cell hybridization in studying "non-chromosomic" inhe­
ritance were first suggested by Gleba (9). Unfortunately our 
knowledge of mitochondrial genetics in higher plants is still li­
mited, because of scarce biochemical and genetical markers 
(namely resistance ones). Moreover, it appears from recent data
(10) that the organization of the mitochondrial genome of higher 
plants is much more complex than in animals. In this way, our re­
sults emphasize the potentially important applications of the 
protoplast fusion technique, namely for studying mitochondrial 
genetics and for increasing cytoplasmic variability, in higher 
plants. Furthermore, we have been able to transfer male steril­
ity from one variety to another by protoplast fusion, indicat­
ing the fruitful aspect of this methodology.
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ABSTRACT
Recent ly we have reported on f us i on  between X- i r r a d i a t e d  p r o t o ­
p l a s t s  o f  line 92 (a cyt opl as mi c  male s t e r i l e  (CMS))/V. tabaoum 
and p r o t o p l a s t s  of  N. sylvestris ( 1 ) .  Among the regenerated  
pl ant s  the maj or i ty  (Type A) had s ho o t ,  l e a f  and per i anth  mor­
p ho l og i e s  o f  N. sylvestris but t h e i r  anthers  resembled those  
of  the CMS parent  and in f a c t  were male s t e r i l e .  Some pl ant s  
(Type B- l )  were male s t e r i l e  but t h e i r  l e a f ,  shoot  and per i anth  
morphologies  were s i mi l a r  to the sexual  F. hybrid (N. sylvest­
ris x N. tabaoum) . Other p l ant s  (Type B-2) had the s h o o t ,  l e a f  
and f l ower  morphologies  of  N. sylvestris but they were p a r t i a l ­
ly male s t e r i l e .  Al l  hybrid p l ant s  ( t o t a l  of  26) were p o l l i n a t ­
ed with e i t h e r  N. sylvestris or N. tabaoum. Progenies  as wel l  
as androgenic p l ant s  were s tud i ed  in re s pe c t  to shoot  and f l o w­
er morphologies .  Seed l i ngs  were germinated and analysed for  
t e n t o x i n  s e n s i t i v i t y .  The r e s u l t s  i nd i c a t e d  that  Type A pl ant s  
c o n s i s t e d  of  N. sylvestris nucle i  plus  the cytoplasm of  the CMS 
parent ,  that  Type B-l p l ant s  c o n s i s t e d  o f  nuc le i  and cytoplasm 
of  the CMS parent  plus nuclear  mater ial  of  N. sylvestris and 
t ha t  Type B-2 p l ant s  c o n s i s t e d  of  nuc le i  and c h l o r o p l a s t s  of  
N. s y l v e s t r i s  but p o s s i b l y  the mitochondria were cont r i but ed  
by the CMS parent .
In recent  years  a co n s i de r a b l e  number of  somat i c  hybrid p l a n t s ,  
r e s u l t i n g  from p r o t o p l a s t  f u s i o n ,  were reported ( s e e  2 ) .  Only 
in few of  these  report s  the sexual  progeni es  o f  the somatic  
hybrids were analysed ( 3 - 8 ) .  We p r e v i o u s l y  reported (1)  on the  
t r á n s f e r  of  cy t opl as mi c  male s t e r i l i t y  from l i n e  92 (N. tabaoum 
n u c l e i  with a l i e n  cytoplasm)  to H. s y l v e s t r i s  by p r o t o p l a s t  f u s ­
ion.  The somatic hybrid p l ant s  obtained were d i v i ded i n t o  three  
groups:  Type A, Type B-l and Type B-2,  according to plant  
morphology and anther s t e r i l i t y .  We now report  on the androgen­
i c  and sexual  progeni es  o f  t hes e  types  and a l s o  provide i n f o r ­
mation on a c h l o r d p l a s t  i nh e r i t e d  c h a r a c t e r : t en t o x i n  s e n s i t i v ­
i t y .
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Shoot and f l ower  morphologies  o f  the o r i g i n a l  somat i c  hybrid  
p l a nt s  of  Type A and Type B-2 were i d e n t i c a l  wi th N. sylvestris 
and t h e r e f o r e  i t  was assumed t hat  they conta i n  only N . sylvest­
ris genome ( 1 ) .  This assumption was confirmed when Type A and 
Type B-2 p l a nt s  were p o l l i n a t e d  with e i t h e r  N. sylvestris or 
N . tabaeum and the p ro g en i es’ morphology was checked (Table 1) .
TABLE 1 F-, progeny o f  somat i c  hybrid p l a n t s  p o l l i n a t e d  with
ei  ther N. sylvestris or N. tabaeum cv.  Xanthi
Female Parent  
and chromosome 
number
Ma 1 e Parent
N. sylvestris N. tabaeum ( cv .  Xanthi )
Type A (2n=24) Good seed s e t t i n g ;  
good germi nat i on.  
Shoot and f l o r a l  
morphologies  i d e n ­
t i c a l  to type A 
2n=24
( 2n = 4 8 ) Good seed s e t t i n g ; g o o d  
germi nat ion.  Shoot  and 
f l o r a l  morphologies  l i ke  
that  of  F-| (N. sylvestris 
x N. tabaeum) . Anthers  
tapered and s t e r i l e .
2n = 48
Type B-l  
( 2n=48-80) -
Very few s e e ds .  Shoot  
and f l o r a l  morpnologies  
v a r i a b l e .  Stamens s t i g -  
m a t o i d / p e t a 1oid or with 
tapered a n t h e r s . S t e r i 1e.  
2n=48-72
Type B-2 
(2n=48 )
Good seed s e t t i n g .  Good 
germi nat ion.  Shoot and 
f l o r a l  morphologies  l i k e  
F] (N. sylvestris x N. ta­
baeum) . Pol l en f e r t i l e  
but s e i f  s t e r i 1e.
2 n = 48
Several  p l ant s  of  each somatic hybrid type were used as f e ­
male parents  and 20 or more progeny p l ant s  o f  each sexual  
cross  were c h a r a c t e r i z e d .
The progeni es  of  each of  t hes e  c r o s s e s  were homogeneous.  The 
o r i g i n a l  somat i c  hybrid p l ant s  of  Type B-l  showed i nt ermedi a t e  
shoot  and f l ower  morphologies  s i m i l a r  to the sexual  F] hybrid 
N. sylvestris x N. tabaeum and t h e i r  progeny d i s p l ayed  he tero-
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g e n e i t y ,  some were more l i k e  N. s y l v e s t r i s  and some were more 
l i k e  N. tabacum.  These r e s u l t s  were c o n s i s t e n t  wi th the s ug­
g e s t i o n  t hat  Type B-l conta i ned both N. s y l v e s t r i s  and N , t a ­
bacum genomes,  or part  of  them.
Due to the r e l a t i v e  l a t e  abort i on  of  p o l l e n  in CMS N i a o t i a n a  
( s e e  9) i t  was p o s s i b l e  to obta i n  androgenic  p l ant s  from male 
s t e r i l e  p l a nt s  (Table 2 ) .  The homogeneous morphology o f  the
TABLE 2 Androgenic progeny o f  somat i c  hybrid p l a nt s
Source o f  Total  number Number of  p l a nt s  obtained Struct ure
anthers  of  anthers  ------------------------------------------------  o f  s tamens /
cu l t ured  with reduced with non-re-  /male f e r -  
chromosome duced chromo- t i l i t y
number some number
Type A s t i  gmatoi d/
(10 p l a n t s ) 561 18 5 s t e r i l e
Type B-l
(2 p l a n t s ) 121 0 0
Type B-2
(2 p l a n t s ) 82 1 0 n o r m a l / f e r ­
t i l e
Flower buds ( 1 . 5 - 2 . 0  cm l ong)  were removed from t e s t e d  p l ant s  
and anthers  were c u l t ured  on s o l i d i f i e d  Ni t sch medium (10)  con­
t a i n i n g  0 . 25 % charc oa l .
androgenic  p l ant s  obta i ned by anther c u l t u r e  of  Type A p l ant s  
i s  c o n s i s t e n t  with the above mentioned assumption t hat  Type A 
pl ant s  conta i n  only N. s y l v e s t r i s  genome. On the o ther  hand,  
a l l  t he s e  23 p l ant s  conta i ned s t i g ma t o i d  stamens and were male 
s t e r i l e  s u g g e s t i n g  that  t h e i r  cytoplasm was cont r i but ed  by the  
CMS parent .
Unf o r t un a t e l y ,  we did not obta i n  androgenic  p l ant s  from Type 
B - l ,  where grea t  v a r i a t i o n  was expected i f  indeed they are 
composed o f  both N. s y l v e s t r i s  and N. tabacum  genomes or part  
of  them.
Anther c u l t u r e  of  Type B-2 p l a nt s  y i e l d e d  only one p l ant  which 
was mor pho l og i ca l l y  s i m i l a r  to N. s y l v e s t r i s  and i t  a l s o  had 
normal,  f e r t i l e  anthers  in c o n t r a s t  to the o r i g i n a l  Type B-2 
pl ant s  which were s e l f  i ncompat i b l e .
The cytoplasms  of  the o r i g i n a l  "parental" p r o t o p l a s t s  d i f f e r e d  
in re s pe c t  to s evera l  c h a r a c t e r s .  One of  t hes e  i s  s e n s i t i v i t y  
to t e n t o x i n .  I t  was shown (11)  that  some of  the N i c o t i a n a  
s p e c i e s  are s e n s i t i v e  to t e n t o x i n  (a c y c l i c  t e t r a p e p t i d e  
produced by A l t e m a r i a  t e n u i s )  whi l e  o thers  are i n s e n s i t i v e .
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I t  was a l s o  shown (12)  that  the r e a c t i o n  to t e n t o x i n  i s  c y t o ­
plasmic i nh e r i t e d  and in f a c t  i t  was shown that  t e n t o x i n  binds  
s p e c i f i c a l l y  to c h l o r o p l a s t  Coupling Factor no. 1 ( 13 ) .  N. ta- 
baoum as wel l  as N. sylvestris, which i s  cons i dered  to be i t s  
maternal  a n c e s t o r ,  are both i n s e n s i t i v e  to t e n t o x i n ,  whi l e  
line 92 (CMS), which conta i ns  a non-tabaeum plasmon,  i s  s e n ­
s i t i v e .
All  26 o r i g i n a l  somat i c  hybrid p l ant s  were inc luded in t e nt o x i n  
s e n s i t i v i t y  t e s t s  (Table 3) .  The hybrid p l ant s  were the mater-
TABLE 3 Tentoxin s e n s i t i v i t y  t e s t
Plant  type Tentoxi  n s e n s i t i v i t y
sens i t i  ve i n s e n s i t i v e
N. sylvestris +
line 92 +
Type A +
Type B-l +
Type B-2 +
Seeds obtained from a l l  26 somatic hybrids  (19 Type A, 3 Type 
B-l and 4 Type B-2) were placed on 1 cm f i l t e r  paper d i s c s  in
0 . 3  ml water ( c o n t r o l )  or 0 . 3  ml water c o n t a i n i ng  20 ug/ml 
t e n t o x i n  (11 ) .  S eed l i ng s  which greened in t e n t o x i n  were con­
s i dered  i n s e n s i t i v e  whi l e  those which did not green were con-  
s i  dered sens  i t i  v e .
nal parents  and e i t h e r  N. sylvestris or N . tabaeum were used 
as paternal  parents . The  t e s t  was performed on the seeds  d e r i v ­
ed from t hes e  crosses . .  As was shown before (12,  14) the re a c ­
t i o n  of  the s e e d l i n g s  to t e n t o x i n  was i r r e s p e c t i v e  of  the  
p o l l i n a t i n g  parent  and, t h e r e f o r e , represented the maternal ly  
cont r i but ed  cytoplasm.  All  Type A and Type B-l s e e d l i n g s  were 
s e n s i t i v e  to t e nt o x i n  whi l e  Type B-2 s e e d l i n g s  were a l l  i n ­
s e n s i t i v e  (Table 3) .  The r e s u l t s  are c o n s i s t e n t  with the  
assumption t hat  Type A and Type B-l  p l ant s  conta i n  line 92 
plasmons whi l e  Type B-2 p l ant s  conta i n  N. sylvestris plasmon.  
The two “parental" p r o t o p l a s t s  d i f f e r e d  in r e s p e c t  to two 
a ddi t i o na l  c h i o r o p l a s t i c  ch a r a c t e r s :  I s o e l e c t r i c  f o c us i ng  of the  
l arge  s ubuni t  of  RuBPCase and cp DNA r e s t r i c t i o n  pat tern  
( 1 5 ) .  The r e s u l t s  obtai ned with t hes e  two markers were con­
s i s t e n t  wi th those  obtained for  t e n t o x i n .
From the progeny a n a l y s i s  of  the somat i c  hybrids in re s pe c t  
to both nuc lear  and cyt opl asmi c  markers the f o l l o wi n g  con­
c l u s i o n  can be drawn: 1. Type A plant s  conta i n  N.sylvestris 
nuc lear  genome but line 92 chi oropl  a s t s , thus r e pr es ent i ng
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a new nuc l e a r - c y t o p l a s m combinat ion.  They are a c t u a l l y  cybrids  
and not hybr ids .  2.  Type B-l  p l a nt s  conta i n  both N. sylvestris 
and line 92 genomes (or part  of  them) but only line 92 ch l o r o -  
p l a s t s .  Therefore they are t rue hybrids  but t h e i r  plasmon i s  
of  line 92 only.  3. The f a c t  t ha t  Type A and Type B-l  p l ant s  
conta i n  only one type of  c h l o r o p l a s t s  conf irm previ ous  o b s e r v a ­
t i o n s  (3 ,  5,  6) i n d i c a t i n g  t hat  when f us i on  i n v o l v e s  two d i f ­
f e r e n t  po pul a t i ons  o f  c h l o r o p l a s t s  there  i s  a rapid s e g r e g a t i o n  
to e i t h e r  one or the o ther .  4.  Type B-2 p l ant s  conta i n  N.syl­
vestris genome and N. sylvestris c h l o r o p l a s t s  but they d i f f e r  
from normal N. sylvestris in t h e i r  p a r t i a l  s t e r i l i t y .  Although 
we do not have d i r e c t  ev i dence  we propose t hat  Type B-2 p l ant s  
r e s u l t e d  from a f us i o n  event  in which N. sylvestris cont r i but ed  
both nucleus  and c h l o r o p l a s t s  and line 92 cont r i b u t e d  some 
other  cy t opl as mi c  e n t i t i e s  e.-g. mi tochondri a ,  r e s u l t i n g  in 
part i  al s t e r i l i t y .
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INTRODUCTION
The l i f e - c y c l e  of  the moss,  P h y s o o m i t r e l l a  p a t e n s ,  which has been 
descr ibed in d e t a i l  ( 1 - 3 ) ,  i s  predominant ly haploid and can be 
completed under de f i ned  cu l t u r e  condi t i ons .  Spore germi nat ion,  
which takes  1-3 days ,  i s  f o l l owed  by growth of  branching f i l a ­
ments (primary chi oronemata).  Chloronemal c e l l s  conta i n  many ch l o -  
r o p l a s t s  and i n t e r c e l l u l a r  wa l l s  are perpendi cul ar  to the axi s  
of  the ' f i lament .  4-6 days l a t e r  a second type of  t i s s u e  deve l ops ;  
i t  c o n s i s t s  of  long peri pheral  f i l a me nt s  ( cau1onemata) ra d i a t i ng  
from the cent ra l  ch i oronemat a , growing perpendicul ar  to the d i ­
r e c t i o n  of  i n c i de n t  l i g h t  (4) and composed of  c e l l s  which are 
l onger  and contain fewer c h l o r o p l a s t s  than chloronemal  c e l l s .  
I n t e r c e l l u l a r  wa l l s  are obl i que  and o l der  c e l l s  conta i n  red-  
-brown pigment.  Caulonemal c e l l s  d i v i d e  to give  r i s e  to s i d e -  
-branches  most of  which develop i nt o  secondary ch1oronemata, a 
t i s s u e  which appears to be morphol og i ca l l y  i d e n t i c a l  to primary 
ch i oronemat a , al though responding d i f f e r e n t l y  to varying i n t e n ­
s i t i e s  o f  u n i d i r e c t i o n a l  l i g h t  ( 4 ) .  The chloronemata and cau l o-  
nemata t o g e t her  c o n s t i t u t e  the protonema.  A few caulonemal s i de  
branches develop i n t o  buds,  the f i r s t  buds being i n i t i a t e d  about  
10 days a f t e r  germi nat ion,  and each deve l opi ng  i n t o  a gametophore 
with a s tem,  l eaves  and r h i z o i d s .  Thus caulonemata i s  the main 
a d v e n t i t i o u s  t i s s u e ,  and chloronemata and gametophores are the  
main p h o t o s y n t h e t i c  t i s s u e s .  The formation of  sexual  organs on 
the gametophores can be induced by 1ow-temperature t reatment ,  
and f e r t i l i z a t i o n  i s  f a c i l i t a t e d  by i r r i g a t i o n  of  the p lant  with 
d i s t i l l e d  water.  Meioses in the d i p l o i d  s porophyt es ,  which de­
velop from f e r t i l i z e d  eggs ,  g i ve  r i s e  to haploid s pores .
Although we are s tudying  the development of  P. patens, mutat ions  
l ead i ng  to auxotrophy or r e s i s t a n c e  to t o x i c  subs tances  are ne­
ce s s a r y  to i d e n t i f y  l i nkage  groups and to use as f o r c i ng  markers 
in c r o s s i n g  or parasexual  h y b r i d i s a t i o n  exper iments .  Many auxo­
t r oph i c  mutants have now been i s o l a t e d  by a t o t a l  i s o l a t i o n  pro­
cedure ( 3 , 5 ) .  Morphol ogi ca l ly  abnormal mutants occur at  a r e l a ­
t i v e l y  high frequency a f t e r  mutagenesi s  o f  spores  ( 5 , 6 )  and can 
provide a source of  material  for  s tudy.
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Exogenously s uppl i ed  auxins  and c y t o k i n i ns  a f f e c t  many as p e c t s  
of  gametophyt i c  development in mosses (7)  and a t  high c o n c e nt r a ­
t i o n s  they i n h i b i t  growth.  This e f f e c t  has been used to f i nd  mu­
t a nt s  of  P. p a t e n s  with decreased s e n s i t i v i t i e s  to t hes e  sub­
s t a n c e s  ( 6 ) ;  most of  t he s e  mutants are a l s o  mo r ph o l o g i c a l l y  ab­
normal.  Some n o n - s e l e c t i v e l y  i s o l a t e d  mutants a l s o  show a l t e r e d  
s e n s i t i v i t i e s  to auxin and c y t o k i n i n .  Mutants wi th a l t e r e d  s e n ­
s i t i v i t i e s  f a l l  i n t o  a number of  d i s t i n c t  c a t e g o r i e s ,  al though  
there  i s  some h e t e r o g e n e i t y  in morphology and s e n s i t i v i t y  to 
auxin or c y t o k i n i n  wi th i n  t hes e  c a t e g o r i e s .  Category 1 mutants  
grow to produce near l y  s p h e r i c a l  p l a nt s  which c o n s i s t  almost  en­
t i r e l y  of  chloronemata and are r e s i s t a n t  to c y t o k i n i n  and auxin.  
Category 2 mutants have about the same number of  caulonemata as 
control  s t r a i n s ,  but they overproduce chloronemata and f a i l  to 
produce gametophores.  They are r e s i s t a n t  to NAA ( 1 - n a p ht y lene  
a c e t i c  ac i d)  and repai red  (become more l i k e  wi l d - t y p e  i . e .  in 
t h i s  case  bud product i on i s  r e s t ored  to contro l  l e v e l s  and c h l o ­
ronemata product ion i s  reduced)  by BAP (6-benzyl  ami nopuri ne).  
Category 3 mutants have a s i m i l a r  morphology to the w i l d - t y p e  on 
minimal medium, but they are much l e s s  s e n s i t i v e  to NAA than con­
t r o l  s t r a i n s ,  al though they respond s i m i l a r l y  to w i l d - t y p e  to 
BAP. Category 4 mutants grow to produce a f l a t  p l ant  which con­
s i s t s  most ly of  chloronemata , t h e y  produce no gametophores and 
only a few abnormal caulonemata.  They are r e s i s t a n t  to BAP, and 
are repa i red  by NAA. Category 5,  6 and 7 mutants are s i m i l a r l y  
r e s i s t a n t  zo BAP and repai red to some e x t e n t  by NAA, but they  
d i f f e r  in the amounts of  chl oronemata,  caulonemata and gameto­
phores t ha t  they produce.  The most l i k e l y  e xp l anat i on  of  mutant  
c a t e g o r i e s  4,  5,  6 and 7 i s  that  they are d e f e c t i v e  to d i f f e r e n t  
e x t e n t s  in the s y n t h e s i s  of  an endogenous auxi n ,  ca t egory  4 mu­
tant s  making the l e a s t  amount of  auxin.  As a consequence of  
t h e i r  i n a b i l i t y  to s y n t h e s i s e  s u f f i c i e n t  aux i n ,  t hes e  mutants  
are r e s i s t a n t  to BAP, i n d i c a t i n g  t hat  auxin i s  nece s s ary  to a l ­
low the e f f e c t s  of  endogenous or exogenous c y t o k i n i n .  Converse l y ,  
cat egory  2 mutants might be a f f e c t e d  in the s y n t h e s i s  o f  an 
endogenous c y t o k i n i n ,  c y t o k i n i n  being neces s ary  to a l low the  
e f f e c t s  of  endogenous or exogenous auxin.  Category 1 mutants ,  
which make only chloronemata,  may be impaired in t h e i r  response  
to auxin (which i s  required for  normal caulonemata product ion in 
cat egory  4 mutant s ) ,  or they are blocked in the response to or 
s y n t h e s i s  of  another as y e t  u n i d e n t i f i e d  f a c t o r .  Evidence in 
favour of  the l a t t e r  argument i s  that  cat egory  4 mutants (pu­
t a t i v e  auxin n o n - s y n t h e s i s e r s )  and cat egory  1 mutants are not  
mor pho l o g i ca l l y  i d e n t i c a l ,  and w i l d - t y p e  grown under a co ns t a nt  
f l ow of  f resh  medium resembles  cat egory  1 mutants (6)  s u g g e s t i n g  
that  i f  t h i s  f a c t o r  e x i s t s  i t  i s  r e a d i l y  l eached out of  the  
protonemata.  Category 3 mutants develop s i m i l a r l y  to w i l d - t y p e ,  
i n d i c a t i n g  t hat  they can s y n t h e s i s e  auxin and c y t o k i n i n ,  but 
t ha t  they may be unable to take up exogenous auxin.  This f ur t her  
s u g g e s t s  that  f r ee  d i f f u s i o n  of  auxin through the growth medium 
may not be nece s s a ry  for  normal development to occur.
Thus both endogenous auxin and c y t o k i n i n  appear to play impor­
t ant  and i nt erdependent  r o l e s  in s evera l  s t e ps  of  gametophyt ic  
development .  Recent p h y s i o l o g i c a l  s t u d i e s  i n d i c a t e  that  t h i s  
may a l s o  be the case  in the moss Funar ia  h y g r o m e t r ia a  ( 8 ) .
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At l e a s t  two kinds o f  mutants have been i s o l a t e d  which produce  
more than the wi l d - t y p e  number of  gametophores ( 9 ) .  Whereas,  
the w i l d - t y p e  produces about 500 gametophores per p l ant  a f t e r  
f i v e  weeks o f  growth under rout i ne  c u l t u r e  co n d i t i  o n t s ,  cat egory  
9 and 10 mutants produce two to f i f t y  t imes t h i s  number, and 
the "gametophores" of  cat egory  9 mutants have an abnormal mor­
phology.  Category 9 mutants have been shown to produce many t imes  
more c y t o k i n i n  than the w i l d - t y p e  and t h i s  can be e x t r a c t e d  from 
the medium on which they are grown (10,  11) .  N5 - ( a 2 - i s o p e n tény 1) 
aminopurine ( 2 i P ) has been i d e n t i f i e d  as the main c y t o k i n i n  in 
the c u l t u r e  medium of  r e p r e s e n t a t i v e s  from each o f  the 3 comple­
mentat ion groups pres ent  in t h i s  ca t egory  ( see  Resul t s  and Di s ­
c u s s i o n ) ;  z e a t i n  i s  a l s o  p r e s e nt .  2 i P has a l s o  been de t e c t e d  in 
the c u l t u r e  medium of  the w i l d - t y p e  at  a l e v e l  e s t i mat ed  to be 
50-100 t imes  l e s s  than t hat  present  in the mutants ( 11 ) .  I t  i s  
not s u r p r i s i n g ,  t h e r e f o r e ,  t ha t  t h e i r  morphology i s  i d e n t i c a l  
to t ha t  of  w i l d - t y p e  s uppl i ed  with r e l a t i v e l y  high c o n c e nt r a ­
t i o n s  of  exogenous c y t o k i n i n .  Al so ,  i f  w i l d - t y p e  i s  cu l tured  in 
the same p e t r i - d i s h  as a cat egory  9 mutant,  c y t o k i n i n  overpro­
duced by the mutant d i f f u s e s  through the medium and i nc r e a s e s  
the number of  gametophores on the w i l d - t y p e .
Mutant s t r a i n s  wi th a l t e r e d  pho t o t ro p i c  r e s p o n s e s ,  and others  
with a l t e r e d  g e o t r o p i c  r e s po n s e s ,  have been found ( 4 ) .  In order  
to f i nd a g e o t r o p i c  s t r a i n s ,  i t  was neces sary  to s creen p l ant s  
a f t e r  a dark growth regime,  s i n c e  caulonema and gametophores  
grow n e g a t i v e l y  g e o t r o p i c a l l y  only in darkness .  Aphototropic  
s t r a i n s  have l o s t  the a b i l i t y  to respond to the d i r e c t i o n  of  
l i g h t ,  al though other  l i g h t  s t i mul a t ed  responses  of  t h e i r  t i s ­
sues  appear normal .
Almost a l l  mor pho l o g i ca l l y  abnormal mutants of  P. p a t e n s  are 
s e x u a l l y  s t e r i l e .  Cul tures  must t h e r e f o r e  be maintained by 
v e g e t a t i v e  propagat ion and g e n e t i c  a n a l y s i s  by c r o s s i n g  i s  not  
p o s s i b l e .  There are two ways of  approaching t h i s  problem.  Con­
d i t i o n a l  mutants ,  such as temperatu r e - s e n s i t  ive  mutants could  
be sought ,  or a system cf g e n e t i c  a n a l y s i s  which i s  not depen­
dent  on the sexual  c y c l e  could be deve l oped.  We were a t t r a c t e d  
to complementat ion a n a l y s i s  by p r o t o p l a s t  f us i on  both because  
p r o t o p l a s t s  from mosses had been shown to be capable of  r e g e n e ­
ra t i on  (12)  and because at  t ha t  t ime p r o t o p l a s t  f us i o n  had a l ­
ready been used s u c c e s s f u l l y  by o ther  authors  to regenerat e  
hybrid p l ant s  (13,  14) .  By adapt ing a v a i l a b l e  methods (16,  17) 
g e n e t i c  a n a l y s i s  by p r o t o p l a s t  f us i on  was found to be p o s s i b l e  
in our system.
365
GRIMSLEY ET AL.
STRAIN 1 I STRAIN 2
------------------------- 1------------------------------------------------------- *------------------------------- -
P r o t o p l a s t  i s o l a t i o n :  12-14 days old protonéinál  t i s s u e  which 
has been grown by i n o c u l a t i n g  a d i l u t e d  homogenate of  moss t i s ­
sue onto ce l l ophane  o v e r l a i d  medium in p e t r i - d i s h e s  , i s  used 
for  p r o t o p l a s t  preparat i on .  The a g a r - f r e e  protonemata i s  har­
ves t ed  and placed in a s o l u t i o n  o f  2 % (w/v)  D r i s e l a s e  (Kyowa 
Hakko Co. Lt d . ,  Japan) and 440 mM mannitol  (1 g protonemata per 
10 cm^  s o l u t i o n ) ,  and incubated f or  1 hour at  27°C. The r e l e a s ­
ed p r o t o p l a s t s  are c l eaned by f i l t r a t i o n  (ne t  s i z e  100 ymxlOOpm) 
and t h i s  f i l t r a t e  i s  c e n t r i f u g e d  and resuspended in 440 mM man­
n i t o l  .
A1 -  ■ 1 -------------
CONTROL mTxED CONTROL
TREATMENT TREATMENT TREATMENT
P r o t o p l a s t  f u s i o n :  In the f i r s t  experiments  cal c ium at  high pH 
( t he  f us i on  s o l u t i  on was 50 mM glycine/NaOH buf f e r  pH 1 0 , 5 ,
220 mM manni t o l ,  50 mM CaCl? at  35°C for  40 min. )  wass used,  but  
in a l l  l a t e r  experiments  p o l y e t h y l e n e  g l yco l  (PEG) MW 6000 was 
r o u t i n e l l y  used ( the f us i on  s o l u t i o n  was made by d i s s o l v i n g  
50 q PEG in 100 cm3 CaCl? s o l u t i o n  and t h i s  was added to the 
p r o t o p l a s t  sus pe ns i on;  a f t e r  40 min at  20°C the PEG was d i l u t e d  
out in a s e r i e s  of  s t e p s ) .  ]
_________________ !________________ 1____________________ ___________________ J
B1_ _ -----------  --------- ---------- B2 ----------------------  63
___________________I PLATE OUT ON SELECTIVE MEDIUM~
P r o t o p l a s t  r e g e n e r a t i o n : Regenerat ion occurs  in the absence of  
exogenous l y  s uppl i ed  hormones in s o f t  ( 0 . 8  %) agar medium which 
c o n t a i n e s  330 mM manni to l .  The molten s o f t  agar i s  cool ed to 
37°C j u s t  before  the p r o t o p l a s t  suspens i on  ( i n  440 mM mannitol  
and 50 mM CaClo s o l u t i o n )  i s  added to i t ,  and t h i s  mixture i s  
then p l a t ed  out immediately onto o s mo t i c a l l y  buf f ered  normal  
medium, which has p r e v i o u s l y  been o v e r l a i d  wi th c e l l o p h a n e ,  in 
p e t r i - d i s h e s . Cel l  wal l  r e g enera t i o n  occurs  in 2-5 days and 
a f t e r  t h i s  period the moss p l ant s  regenerat e  f a s t e r  i f  they are 
t r a n s f e r r e d  to f r e s h ,  not o s m o t i c a l l y  buf fered medium, as shown 
in Fig.  2.
Figure 1 Design of  p r o t o p l a s t  f us i o n  experiments
Control  and mixed treatment s  are car r i ed  out in p a r a l l e l .  By 
taki ng small  samples of  the p r o t o p l a s t  suspens i on where shown 
( A l , A2, Bl ,  B2, B3) and p l a t i n g  t hes e  on a p pr o pr i a t e l y  s u p p l e ­
mented media,  the number of  v i a b l e  p r o t o p l a s t s  e n t e r i ng  the t r e a t ­
ment and the number s u r v i v i ng  the t reatment  can be e s t i ma t e d .
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MATERIALS AND METHODS
Nearly a l l  o f  the ma t e r i a l s  and methods used in t hes e  s t u d i e s ,  
i nc l u d i n g  c u l t u r e  c o n d i t i o n s  and the i s o l a t i o n  and c h a r a c t e r i s a -  
t i on  o f  the s t r a i n s  used have a l ready been publ i shed in d e t a i l  
(3 ,  4,  6,  9,  18,  19) .  However,  an o u t l i n e  of  some of  the methods 
we use in p r o t o p l a s t  work i s  given in Figure 1 f or  r e f e r e n c e ,  
and an e x p l a na t i o n  of  the g e n e t i c  nomenclature used i s  i nc l uded  
below.
Genet ic  Nomenclature
I t  i s  not p o s s i b l e  to e s t a b l i s h  d i r e c t l y  by c r o s s i n g ,  t h a t  the  
phenotype o f  a developmental ly-abnormal  s t r a i n  which i s  s e x u a l ­
ly s t e r i l e ,  r e s u l t s  from a mutat ion in a s i n g l e  gene,  al though  
t h i s  can be e s t a b l i s h e d  in some c a s e s ,  f o l l o wi n g  g e n e t i c  a n a l y s i s  
us ing hybrids  produced by p r o t o p l a s t  f u s i o n .  Throughout t h i s  
paper,  mutant a l l e l e s  whose Mendel ian behaviour has been e s t a b ­
l i s h e d ,  are represented  by lower case  symbol s ,  e . g .  ove B100.  
Upper case  symbol s ,  e . g .  ÖVE A201, are used to re pr es ent  put a t i v e  
mutant a l l e l e s  which l ead to a s t a b l e  phenotype.  However,  i t  
must be emphasised in t hes e  cas e s  t h a t ,  w h i l s t  i t  i s  s i mp l e s t  
to assume t hat  a developmental ly-abnormal  phenotype i s  caused by 
the p o s s e s s i o n  of  a s i n g l e  mutant a l l e l e ,  no c r i t i c a l  demonstra­
t i on  of  t h i s  use has been made.
For s i m p l i c i t y ,  throughout  t h i s  paper,  s t r a i n s  are r e f er red  to 
except  where i n d i c a t e d  o t h e r wi s e ,  by t h e i r  r e l e v a n t  p a r t i a l  
gen o t y p e .
P r o t o p l a s t s  in
o s mo t i c a l l y  buf fered A:
medi urn (0.8% agar)
ce l l ophane  1 eft  i n
Fresh medium, not  
o s m o t i c a l l y  buf fered
B: ce l l ophane  removed
1 0 cm
Figure 2 Cel lophane t r a n s f e r  techni ques
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After  a c e l l  wal l  has deve l oped ,  the re g e n e r a t i n g  p r o t o p l a s t s  
can be t r a n s f e r r e d  to lower os mo l a r i t y  medium on which they grow 
more q u i c k l y .  In p r a c t i c e  there  i s  no d i f f e r e n c e  between the two 
methods shown,  as the ce l l ophane  i s  permeable to smal l  mo l ec u l e s .  
Fol l owi ng t r a n s f e r ,  the os mo l a r i t y  on the top l a y er  rap i d l y  f a l l s  
to that  of  the bottom l a y e r .  This method can a l s o  be used to  
t r a n s f e r  p r o t o p l a s t s  between d i f f e r e n t  chemical  t r e a t me nt s ,  i f  
des i red .
GRIMSLEI ET AL.
RESULTS AND DISCUSSION
Much o f  the pre l i mi nary  work on p r o t o p l a s t  f us i on  has a l ready  
been publ i shed (18 ,  19) and t h i s  i s  only d i s c u s s e d  b r i e f l y  in 
the f o l l o wi n g  s e c t i o n ;  more emphasis  i s  placed on work which 
has not  been publ i s hed.
Although cal c ium at  high pH (16)  was used s u c c e s s f u l l y  at  f i r s t  
to induce p r o t o p l a s t  f us i o n  in p .  p a t e n s  (18)  p o l y e t h y l e n e  g l ycol  
(19)  was l a t e r  found to be a more r e l i a b l e  t e c h n i q ue ,  and was 
used for  a l l  the experiments  des cr i bed  here.  Before somat i c  hyb­
r i d i s a t i o n  was appl i ed  to the s tudy o f  deve l opment a l l y  abnormal  
s t r a i n s ,  complementat ion a na l ys e s  o f  various  auxotrophic  mutants  
were ca r r i e d  out in order to a s s e s s  the t echni que .  Six i ndepen­
d ent l y  der i ved n i c o t i n i c  acid auxotrophs were hybr i d i zed  in a l l  
p o s s i b l e  pa i r wi s e  combinat ions  and the r e s u l t s  o f  t h i s  s e r i e s  
o f  exper iments  i s  summarized in Table 1. In t h i s  a n a l y s i s ,  the  
presence  or absence of  hybrids  s e l e c t e d  on medium wi thout  n i c o ­
t i n i c  acid was used to t e l l  i f  complementat ion was occ ur r i ng .
TABLE 1 Complementation a n a l y s i s  o f  n i c o t i n i c  acid auxotrophs  
( Ref.  No. 19 )
Pa r t i a l
genotype n i c - 2 n i c - 4  n i c - 5  NIC-6 n i c - 7
n i c - 4 O(-)
n i c - 5 46 (+ ) 7 5 (+ )
NIC-6 55 (+) 42 (+) O(-)
ni c-7 22 ( + ) 21 ( + ) 1 91 (+ ) 56 0(+ )
n i c - 1 0 O(-) O(-) 600(+)  82(+)
Each f i g ur e  
in the Table 
re pr es ent s  
the number of  
hybrids  ob- 
ta i ned from 
s epa ra t e  e x ­
periments  .
( + ) i ndi cat es  
complementant.
( - ) i nd i c a t e s  
lack o f  com­
pl ementant .
Where no hybrids were found the experiment  was repeated to make 
sure that  t h i s  r e s u l t  was not obtained by chance.  The absence  
of  hybrids  i n d i c a t e s  t ha t  the s t r a i n s  i nvol ved carry mutat ions
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in the same gene.  These r e s u l t s  can be summarized i n t o  complemen­
t a t i o n  groups:  -
- group A: ni c A2 n i c A4 ni c Al 0
- group J5: ni c B5 NICB6
- group C: n i c C 7
A n i c o t i n i c  acid auxotroph i s o l a t e d  more r e c e n t l y ,  NIC-8 (20)  
was l a t e r  a l l o c a t e d  to group us ing somat i c  h y b r i d i s a t i o n  ( 5 ) .
Data obtained from c r o s s i n g  experiments  ( 3 ,  2 1 ) ,  where a v a i l a b l e ,  
was in agreement wi th the above complementat ion a n a l y s i s .
A s i m i l a r  a n a l y s i s  o f  p-aminobenzoic  ac id ( pab) auxotrophs was 
then car r i ed  out ( 5 ) .  In t h i s  case  out cr os s e d  s t r a i n s ,  which c a r ­
r i ed auxotrophic  markers other  than pab, were a v a i l a b l e ,  and i t  
was p o s s i b l e  to s e l e c t  for  hybrids  on medium which conta i ned p- 
-aminobenzoic  a c i d ,  us ing t h e s e  other  markers to f orce  h y b r i d i s a ­
t i o n .  Thus hybrids  were always produced,  and complementat ion  
could be t e s t e d  by s u bc u l t u r i n g  the hybrids  onto medium with and 
wi thout  p-aminobenzoic  acid to t e s t  t h e i r  auxotrophy ( see  Table 2)
The a n a l y s i s  shown in Table 2 can be summarized i n t o  complementa­
t i o n  g r o u p s :-
- group A: pabA3
- group pabB4 pabB5 pabB6
TABLE 2 Complementation a n a l y s i s  of  p-aminobenzoic  acid auxo-  
trophs
Ful l  genotypes  of  the  
s t r a i n s  used
1 2
No. of  
hybri ds 
growi n g
Resul t  of  
subsequent  
growth t e s t  
f or  p-aba
Comp!ementati  on 
for  pab genes
pab-3 n i c A1 0 pab-4 nie  B5 60 prototroph i c yes
pab-3 n i c B5 pab-5 nie  Al 0 1 0 prototrophi  c yes
pab-3 n i c B5 pab-5 nie A10 54 prototrophi  c yes
pab-3 ni c A10 pab-6 'th i - 1 3 prototrophi  c yes
pab-4 n i c B5 pab-5 nie A 2 6 auxotrophi  c no
pab-4 ni c B5 pab-6 th i -1 66 auxotrophic no
pab-5 ni c A1 0 pab-6 thi  -1 19 auxotrophi  c no
pab-5 n i c A2 pab-6 th i -1 3 auxotrophi  c no
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The assessment  of  the t echnique of  somatic h y b r i d i s a t i o n  using  
auxotrophic  mutants al lowed the morphology of  a l arge  number of  
hybrids  to be examined.  Three d i f f e r e n t  c l a s s e s  of  hybritf mor­
phology were found to occur ( s ee  Table 3) .
TABLE 3 The morpholoqy of  somatic hybrids produced v proto-
p l a s t  f us i on  between morphological ly normal haploid
s t r a i  ns of  Phy s o o m i t r e l l a  p a t e n s
Type of  hybrid Frequency Morphology
Class I <1 % almost  i d e n t i c a l  to wi l d - t y p e
Class II 50-80 %
1/4 to 1/2 of  the w i l d - t y p e  num­
ber of  gematophores; chloronemata  
and caulonemata conta i n  more red/  
/brown pigment
Class 111 20-50 %
i d e n t i c a l  to c l a s s  II hybr i ds ,  ex ­
cept  no or very few (1 / 50  of  the 
wi l d - t y p e  number-) gametophores  
produced
Class  II hybrids  have been sei  f - f e r t i l  i zed (5,  18,  21,  22) and 
c l a s s  I hybrids  have a l s o  been s e l f e d  ( 5 ) ;  a l l  the data r e s u l t ­
ing from the s e g r e g a t i o n  of  markers amongst the progeny are con­
s i s t e n t  with t h e i r  being d i p l o i d s .  The FI plant s  so obtained  
again show these  d i f f e r e n t  morphol ogi es ,  but with d i f f e r e n t  
f r e q ue nc i e s  between the progeny of  d i f f e r e n t  s porophyt es ,  and 
s e l f ing FI p l ant s  g i v e s  s e g r e g a t i o n s  c o n s i s t e n t  with the FI be­
ing d i p l o i d s  ( 5 ) .  We do not know why the morphological  d i s t i n c ­
t i on  between c l a s s  I and c l a s s  II hybrids e x i s t s ,  and t h i s  prob­
lem awai ts  d e t a i l e d  c y t o l o g i c a l  i n v e s t i g a t i o n .  Class III  hyb­
r i d s ,  which make no or very few gametophores and are t he r e f o r e  
very d i f f i c u l t  to s e l f ,  may be of  a higher p l o i dy  l e v e l  (>3n) .  
Evidence in favour of  t h i s  i s  that  when c l a s s  II hybrid mor­
phology p l ant s  are hybr i d i sed  to haploid p l ant s  a l l  o f  the r e ­
s u l t i n g  hybrids  have c l a s s  III  morphology (5 ,  19) .
The f i n d i n g  that  3 d i f f e r e n t  c l a s s e s  of  hybrid occur must be 
taken i n t o  c o n s i d e r a t i o n  when a complementat ion a n a l y s i s  of  
mo r pho l og i ca l l y  abnormal s t r a i n s  i s  done.  I f  the presence  or 
absence o f  gametophores i s  being i n v e s t i g a t e d  in the hybr ids ,  
enough plant s  must be examined to be sure that  they are not a l l  
cl ass  111.
A c l e a r - c u t  s t ep  in the development of  P. p a t e n s  i s  the forma­
t i on  of  buds on the caulonemata.  An at tempt  was made to i s o l a t e  
n o n - s e l e c t i v e l y  mutants which had a normal protonéinál morphology 
but which f a i l e d  to produce buds.  Since many s t u d i e s  (7)  i n d i -
370
GENETIC ANALYSIS BY SOMATIC HYBRIDISATION IN PHYSCOMITRELLA 
cated the involvement  of  c y t o k i n i n  in t h i s  s tep in mosses ,  we 
b e l i e v e d  t hat  these  mutants might be unable to produce c y t o k i n i n .  
However,  al though about 40, 000 c l ones  of  mutagenized spores  were 
screened,  no p lants  with e x a c t l y  t h i s  morphology could be found.  
The reason for  t h i s  f a i l u r e  became c l ea r  when s t u d i e s  with auxin 
and cy t o k i n i n  r e s i s t a n t  mutants began,  and i t  was found that  
cy t o k i n i n  was a l s o  important  for  other  e a r l i e r  s t a g e s  of  d e v e l o p ­
ment.  Although no cy t ok i n i n  non-producing s t r a i n s  were i s o l a t e d  
in t h i s  p a r t i c u l a r  s tudy ,  many mutants which were blocked very 
ea r l y  in gametophore development (GAM s t r a i n s )  were found.  These 
mutants produced more secondary chloronemata than w i l d - t y p e ,  and 
the buds grew to make only a c l u s t e r  of  c e l l s ;  no shoots  or 
l eaves  were produced.  More care fu l  s tudy using d i f f e r e n t  media 
and growth regimes r e v e a 1ed that there was h e t e r o g e n e i t y  in t h i s  
c l a s s  of  mutants;  GAM-355 for  example,  did not grow in the dark,  
and there  were d i f f e r e n c e s  between mutants in the number of  c e l l s  
produced in the buds.  A complementat ion a n a l y s i s  o f  t hes e  s t r a i n s  
was attempted ( 5 ) .  S e l e c t i o n  of  hybrids was done us ing the auxo­
trophi c  markers t h i -1 and pab A3, and s ubsequent l y  a number of  
hybrids from each complementat ion t e s t  were examined for  gameto­
phore product ion ( see  Table 4) .
TABLE 4 Complementati  on analys i  s of  GAM s t r a i  ns
GAM-strai ns 
i s o l a t e d  
from pab A3
GAM- s t r a i n s  i s o l a t e d  from t h i -1
th i -1, 
control 26 7/10 7/13 355 363
pab A3
control
control r nt r C nt
121 nt +,* + * + n t + *
139 r + + * nt + +
1 73 r + + * - n t + *
196 nt n t + * + * + + *
224 r + + * + n t + *
280 r + + * + nt + *
295 r + + * - n t + *
+ indi -cates  that  the s t r a i n s  complemented
i n d i c a t e s  that  the s t r a i n s  did not complement  
nt i n d i c a t e s  that  the complementat ion t e s t  was not done
C i n d i c a t e s  codominance (S t ra i n  355 c a r r i e s  a codominant  
mutat ion)
r i n d i c a t e s  t ha t  the mutant s t r a i n  was found to be r e c e s -  
s i ve
* These h y b r i d i s a t i o n s  are a l s o  dominance t e s t s ,  showing 
t h a t  GAM-7/10 .GAM-363 , GAM-1 21 and GAM-196 carry r e c e s s i v e  
mu t a t i o n s .
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Since  GAM-7/13 did not complement with e i t h e r  GAM-173 or GAM-295, 
i t  i s  p r ed i c t e d  that  GAM-173 would not complement wi th GAM-295, 
but a complementat ion t e s t  between GAM-295 and GAM-173 cannot  
be done ( s i n c e  they were both i s o l a t e d  from pab A3 s p o r e s ) .  This  
s e r v e s  to i l l u s t r a t e  t ha t  al though the number of  complementat ion  
t e s t  which can be done us ing t h i s  system i s  l i m i t e d ,  as long as 
enough morphological  mutants of  a c e r t a i n  type can be i s o l a t e d  
from each auxotrophic  s t r a i n s ,  the number of  genes in t h i s  s t ep  
may be found.
S t r a i n s  which were abnormal l a t e r  in gametophore development  
(GAD s t r a i n s )  were a l s o  found in the n o n - s e l e c t i v e  s c r een i ng  
mentioned previously.  One type of  t he s e  produces smal l  l eaves  in 
which the pat t ern  of  c e l l s  i s  i r r e g u l a r ,  and the r e s u l t s  o f  an 
a n a l y s i s  of  t h e s e  i s  shown in Table 5.
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TABLE 5 Complementation a n a l y s i s  o f  GAD s t r a i n s  (21)
GAD s t r a i n s  
i s o l a t e d  
from pab A3
GAD s t r a i n s i s o l a t e d  from thi  -1
t h i - 1  control 91 74 33
pab A3 control control r C r
284 C + - +
66 r - + -
186 r - + -
48 D nt nt D
D - i n d i c a t e s  dominance.  The other  symbols are e x p l a i n ­
ed in Table 4.
Although GAD-48 i s  dominant and t h e r e f o r e  cannot  be analysed in 
t h i s  way, and GAD-284 and GAD-74 are codominant so t hat  the hyb­
r i ds  formed us ing t hes e  s t r a i n s  as components were sometimes  
not s t r a i g h t f o r wa r d  to c l a s s i f y  mo r p h o l o g i c a l l y ,  the a n a l y s i s  
can t e n t a t i v e l y  be summarised:
Complementation group A: GAD A66, GAD A186,  GAD A91, GAD A33 
Complementation group j3: GAD B74, GAD B284
St r a i n s  have been i s o l a t e d  which,  when grown in the dark,  pro­
duce protonema which f a i l s  to show the neg a t i v e  geotropism t y p ­
i c a l  of  dark-grown wi l d - t y p e  protonema ( 4 ) .  Two of  t hes e  (GTR-2 
and GTR-3),  when grown in the 1ight ,  produced on t h e i r  gameto-  
phores ,  l eaves  smal l er  than thos e  of  the w i l d - t y p e ,  and rounder 
in o v e r a l l  shape.  GAD s t r a i n s  had a l s o  been i s o l a t e d  which pro­
duced l eaves  of  the same 'rounded'  appearance.  Parasexual  hyb­
r i d i s a t i o n  has been used to show that  the mutat ions  in GAD-106 
(a t y p i c a l  rounde d- l e a f  GAD) and in GTR-2 and GTR-3 are r e c e s ­
s i v e  to t h e i r  w i l d - t y p e  a l l e l e s ,  and f a i l  to complement with
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each other  ( 2 1 ) .  Another r e c e s s i v e  mutat ion caus i ng  only ageo-  
t ropi sm of  dark-grown protonema complements wi th a l l  t h r e e i  -
Group A: GAD A106,  GTR A2, GTR A3.
Group £:  GTR B1.
The d i r e c t i o n  of  i n c i d e n t  l i g h t  determines  the d i r e c t i o n  of  
growth of  many of  the t i s s u e s  of  P. p a t e n s  and mutants have been 
obtained which are abnormal in t h i s  response  (^‘) .  Some mutants  
( p t r - 1,  p t r - 2  and p t r - 3 ) c l e a r l y  show a l o s s  of  a l l  pho t o t ro p i c  
responses  in br i g ht  whi te  l i g h t ,  and others (PTR-4,  PTR-5) appear  
to have l o s t  only protonemal phototropi sm.  Although i t  has been 
e s t a b l i s h e d  by somat i c  h y b r i d i s a t i o n  t hat  a l l  of  t he s e  s t r a i n s  
carry r e c e s s i v e  mut at i ons ,  d e t a i l e d  a n a l y s i s  has so far  been 
r e s t r i c t e d  to p t r - 1,  p t r -2 and p t r -3 (21 ) .  Two complementat ion  
groups were found a f t e r  somat i c  h y b r i d i s a t i o n  exper iment s :  -
Group A: ptr  A1
Group j3: ptr  B2, ptr B3.
These s t r a i n s  could a l s o  be c r o s s e d ,  and the r e s u l t s  were con­
s i s t e n t  with the complementat ion a n a l y s i s ,  ptr  A1 recombined 
f r e e l y  with e i t h e r  ptr  B2 or ptr  B3, whereas when ptr  B2 and 
ptr B3 were crossed  no recombinants  were de t e c t e d  in about 2300 
progeny.
Mutants which produce more than the w i l d - t y p e  number of  buds 
(OVE mutants)  have a l s o  been s tud i e d  us ing p r o t o p l a s t  f us i on  ( 2 2 ) .  
Among 17 i ndependent l y  i s o l a t e d  cat egory  9 ( c y t o k i n i n  overproduc­
ing)  s t r a i n s  13 were found to be r e c e s s i v e  and one was dominant.  
Although the dominance t e s t s  and the complementat ion a n a l y s i s  
are not y e t  compl et e ,  i t  has been p o s s i b l e  to re cogn i z e  at  l e a s t  
3 complementat ion groups:  -
Group A: OVE A78, OVE A102,  OVE A201, OVE A131 
Group B: öve B100,  OVE B300,  OVE B302 
Group £:  Qve C200
Dominance t e s t s  i nd i c a t e d  that  four cat egory  10 OVEs were a l l  
r e c e s s i v e ,  and s e l f - f e r t i l i z a t i o n  of  the hybrids formed gave the  
expected s e g r e g a t i o n  of  the OVE phenotype,  showing that  the  
s t r a i n s  carr i ed  s i n g l e  mutat i ons .  A complementat ion a n a l y s i s  
f ur t he r  i nd i c a t e d  that  the four s t r a i n s  a l l  carr i ed  mutat ions  in 
the same gene,  thus the s t r a i n s  can be des i g na t ed:  -
öve A90, öve A97, öve A99, öve A107A.
Whereas the w i l d - t y p e  produces gametophores s i n g l y ,  one stem 
a r i s i n g  from a po i n t  on a caulonemal  f i l a m e n t ,  two mutants  
(OVE-59 and OVE-65) have been found which produce bunches of  
s eve ra l  gametophores i ns t ead  of  s i n g l e  gametophores ,  g i v i ng  a 
' mu l t i p l e  a x i s '  or ' l e a f y '  appearance to the p l a n t .  Af t er  pro­
longed peri ods  of  c u l t u r e ,  t he s e  ' l e a f y '  s t r a i n s  o c c a s i o n a l l y  
gave r i s e  to s e c t o r s  which conta i ned more red-brown pigment in 
the protonema and produced sporophytes  apogamously in p l ace  of  
gametophores.  Spores produced by t hes e  sporophytes  could ger-
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minate and g i ve  r i s e  again to t h e ' l e a f y '  v a r i e t y .  S ince  appro­
p r i a t e  f o r c i n g  markers were a v a i l a b l e ,  i t  was p o s s i b l e  to do a 
complementat ion a n a l y s i s .  0VE-59 was found to be r e c e s s i v e  and 
OVE-65 was found to be dominant.  Most of  the 0VE-65/0VE-59 hyb­
r i ds  were apogamous sporophyte  producers .  These r e s u l t s  s u g g e s t  
t ha t  the apogamous sporophyte  producing s t r a i n s  are d i p l o i d  v a r i ­
e t i e s  o f  the ' l e a f y '  s t r a i n s ;  f u r t he r  ev i dence  for  t h i s  hypo­
t h e s i s  i s  t ha t  regul ar  t e t r a d s  have been observed in the OVE-59/  
/OVE-65 sporophytes  ( 23 ) .
The a n a l y s i s  of  auxin and c y t o k i n i n  r e s i s t a n t  mutants ( c a t e g o r i e s  
1-8)  us ing p r o t o p l a s t  f us i o n  has only j u s t  begun.  I t  w i l l  be pos ­
s i b l e  to obta i n  many more of  t hes e  mutants us ing s e l e c t i v e  i s o ­
l a t i o n  t e c h n i q u e s . Some o f  the r e s u l t s  presented below ( s e e  Table 
6 ) have a l ready been publ i shed ( 6 ) .  Although a r e l a t i v e l y  high 
proport i on of  the mutants conta i n  dominant mut at i ons ,  many con­
t a i n  r e c e s s i v e  mutat ions  and can be analysed us ing somatic hyb­
r i d i s a t i o n .
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TABLE 6 Resul t s  of  dominance t e s t s  on auxin and c y t o k i n i n  re-
s i s t a n t  s t r a i n s  us ing p r o t o p l a s t f us i on
Category P o s s i b l ep h y s i o l o g i c a l  d e f e c t Strai  ns
Domi nant /Re-  
c e s s i v e
1 Not known ( s e e  r e f . 7) NAR-91, 
NAR-113
NAR-112 dominant  
codomi nant
2 Cytokinin s y n t h e s i s NAR-87, GAM-429 codomi nant
3 Auxin uptake NAR-171, NAR-180 r e c e s s i  ve
4 Auxin s y n t h e s i s BAR-1, BAR-2,  
BAR-297 reces  s i ve
5 Auxin s y n t h e s i s BAR-130 r e c e s s i  ve
6 Auxin s y n t h e s i s BAR-61
BAR-3'30
re ces s  ive  
codomi nant
SUMMARY
Biochemical  and de v e i opmental ly  abnormal mutants of  the moss 
P h y s o o m i t r e l l a  p a t e n s  can be obtained f o l l o wi n g  mutagenic t r e a t ­
ment of  s p o r e s .  Many biochemical  mutants can be analysed g e n e t ­
i c a l l y  by c r o s s i n g ,  but most developmental ly-abnormal  mutants  
are s e x u a l l y  s t e r i l e  and an a l t e r n a t i v e  method of  a n a l y s i s  has 
t h e r e f o r e  been dev i sed  us ing f us i on  of  i s o l a t e d  p r o t o p l a s t s  to 
obtai n parasexual  hybr ids .  Segregat i on  of  markers in progeny 
from s e l f - f e r t i l i z a t i o n  of  those hybrids  i s  c o n s i s t e n t  with  
them being d i p l o i d .  To show that  hybrids  of  t h i s  kind could be 
used f or  g e n e t i c  a n a l y s i s ,  complementat ion anal ys e s  of  seven  
n i c o t i n i c  acid auxotrophs and of  four p-aminobenzoic acid a uxo-  
t r o ph s ,  a l l  of  independent  o r i g i n ,  were carr i ed  out;  c r o s s i n g  
data ,  where a v a i l a b l e ,  conf irmed t hes e  r e s u l t s .  The hybrids
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formed f o l i o w ing p r o t o p l a s t  f us i on  of  morpho l og i ca l l y  normal 
s t r a i n s  f a l l  i n t o  three morphol og i ca l l y  d i s t i n c t  c l a s s e s .
Complementation anal ys e s  of  developmental ly-abnormal  mutants can 
be done us ing auxotrophic  mutat ions  carr i ed  by the s t r a i n s  to 
s e l e c t  for  hybr ids .  Many OVE mutants produce much more cy t o k i n i n  
than the wi l d - t y p e  and h y b r i d i s a t i o n  experiments  i n d i c a t e  that  
at l e a s t  three genes can mutate to give  t h i s  phenotype.  At l e a s t  
two genes can mutate to g i ve  an aphot otropi c  phenotype;  in t h i s  
case both parasexual  h y b r i d i s a t i o n  and convent i onal  g e n e t i c  
t echni ques  can be used to ana l yse  t hes e  r e c e s s i v e  mutat ions .  
St r a i n s  have been found which have an a l t e r e d  response to grav­
i t y ,  and t hes e  have been analysed us ing p r o t o p l a s t  fus i o n .  
Apogamous sporophyte producing s t r a i n s  r e s u l t  f o l l o wi n g  the hyb­
r i d i s a t i o n  of  a c e r t a i n  type of  mutant which i s  abnormal in game- 
tophore product i on.  Hybr i d i s at i on  experiments  have a l s o  shown 
that  some auxin and c y t o k i n i n  r e s i s t a n t  mutants conta i n  dominant  
mutat i ons ,  whi l e  others  are r e c e s s i v e  and are amenable to com- 
p 1 emervtati on a n a l y s i s .
We b e l i e v e  that  P h y s e o m i t r e l l a  p a t e n s  o f f e r s  an e x c e l l e n t  op­
portuni t y  to study plant  development.  The p lant  hormones,  l i g h t  
re s pons es ,  phot o s y nt h e s i s  and developmental  problems can be 
s tudi ed  in a system which al l ows  the a p p l i c a t i o n  o f  biochemical  
t e chni que s .  Somatic h y b r i d i s a t i o n  f o l l o wi n g  p r o t o p l a s t  f us i on  
plays  a key ro l e  in our s t u d i e s ;  wi thout  i t  g e n e t i c  a n a l y s i s  of  
many deve l opmenta l l y  abnormal mutants would not  be p o s s i b l e .
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ABSTRACT
Subprotoplasts (enucleated protoplasts = cytoplasts, nuclei-con- 
taining subprotoplasts = karyoplasts and miniprotoplasts) can 
be isolated by different methods, but most effectively from 
protoplasts of cultured cells by high speed centrifugation in 
density gradients. Solutions of salts, sugars and modified si­
lica gels are used to establish isoosmolal gradients of differ­
ent densities which are not toxic to protoplast cultures.
Whereas cytoplast preparations are extremely pure, enucleated 
subprotoplast populations, the karyoplast preparations consist 
of evacuolated miniprotoplasts,still with a considerable amount 
of the original cytoplasm. When transferred to appropriate cul­
ture conditions, some of the karyoplasts develop into "normal" 
protoplasts and later form cell colonies. Organelle transfer 
studies via subprotoplast fusion are restricted, therefore, to 
clearly defined and effective selection systems.
INTRODUCTION
Protoplast fusion and somatic hybridisation have been used 
very effectively in the last few years for fundamental studies 
in plant somatic cell genetics as well as for applied agricul­
ture-oriented studies (several reviews in 1). In addition to 
fusion of two types of whole protoplasts, somatic combination 
of separate parts of the plant cell genome is of special in­
terest. Somatic combination of different types of extranuclear 
characters or the transfer of cytoplasmic characters to another 
nuclear genome background can be achieved also by protoplast fu­
sion when proper markers and selection conditions are used (2,3). 
To improve this chance, formation of special nuclear and plasti- 
dal genome combinations, Zelcer et al. (4) prepared physiologi­
cal subprotoplasts by X-ray treatment and thereafter trans­
ferred cytoplasmic male sterility by protoplast fusion. Separate 
transfer of the nuclear genome, plastome and chondriome was 
originally approached by the transfer of isolated cell orga­
nelles. Although various methods for the transfer of isolated 
nuclei and chloroplasts into higher plant protoplasts have been
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described, final proof for integration, expression and multi­
plication of transferred organelles is still lacking (5,6 }.Pos­
sible reasons for the failure of this type of experiment with 
plants may be the toxicity of transfer conditions for isolated 
organelles or uptake by phagocytosis which prevents rapid inte­
gration into receptor cells. The use of membrane-coated orga­
nelles is an alternative approach, e.g. by coating isolated or­
ganelles in synthetic membranes such as phospholipids(7)-Another 
possibility is to preserve the original protoplast membrane and 
to prepare subprotoplasts by protoplast fractionation. Thus nu­
de." containing subprotoplasts (karyoplasts or Bd.niprotopla.sts) 
and nucleated subprotoplasts (cytoplasts) can be prepared.
S u b p r o t o p l a s t  Isolation
Sat ■.cally formed subprotoplasts
Sulprotoplasts are formed naturally by different processes,e.g. 
in the pericarp of some Solanaceous species, during plasmolysis 
of elongated cells, and by budding of protoplasts in culture. 
Subprotoplasts isolated from ripening fruits of Solanaceae 
have been described and used in fusion experiments by Binding 
( 8 ) ,
Formation of enucleated and nuclei-containing subprotoplasts 
caused by plasmolysis of elongated cells is a very common phe­
nomenon depending upon physical parameters of the cell struc­
ture. We used pollen of Eyoscyamus muticus and Nicotiana taba- 
cum to prepare subprotoplasts enzymatically from germinating 
pollen tubes. Pollen grains were incubated in pollen medium 
(0.44M sucrose, 1.3 mM CaNC>3 , 1.6 mM boric acid, pH 6.5) to in­
duce tube growth and an equal volume of enzyme mixture (1% cel- 
lulysin, 1% pectinol, 1% driselase, 0.2 M mannitol, 5 mM CaCl2 * 
pH 5,7) was added after 30 min. By this treatment, a high number 
of protoplasts and subprotoplasts of different sizes were iso­
lated. Of special interest with this type of material is the 
hap" : i'iy and the chance that subprotoplasts containing only the 
generative nucleus are naturally-occurring karyoplasts.Pollen 
protoplasts are being used now in culture and fusion experi­
ments (Lorz, unpublished).
Subprotoplast formation by budding is a frequently observed 
but normally undesired phenomenon in protoplast cultures. This 
event can be induced in Zea mays internode protoplasts in a 
high percentage when cultures are kept in a medium with high os­
motic value (above 1000 mOs/kg H20) for about two to three 
days. This method, however, was not effective in other cultu­
res. All the procedures mentioned above are effective only 
with specific plant material and of reduced applicability in 
general for subprotoplast isolation.
Subprotoplast .isolation by centrifugation
■Two populations of subprotoplasts can be routinely isolated by 
centrifugation of protoplasts. High speed centrifugation of 
mesophvll protoplasts in step density gradients produces eva- 
cuolated and enucleated subprotoplasts (9,10). The result is a
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separation of the large vacuole and some cytoplasmic material 
from a heavier fraction containing the nucleus, most of the 
chloroplasts and bulk of the cytoplasm. Subprotoplasts of this 
type are, however, of low value in envisaged genetic manipula­
tion studies.
More promising material for the isolation of cytoplasts with 
the bulk of the cytoplasm, and karyoplasts (nuclei surrounded 
by a small amount of cytoplasm only) are the highly cytoplas­
mic, non-vacuolated or at least slightly vacuolated protoplasts 
from meristems or cultured cells. For the preparation of sub­
protoplasts step density gradients can be established by very 
different mixtures of salts, sugars and modified colloidal si­
lica (11,12). Of special suitability are solutions which are 
not toxic to protoplasts, which are impermeable to protoplast 
membranes, and mixtures which allow the establishment of iso- 
osmolal gradients over a wide density range. All these prere­
quisites are fulfilled by using mixtures of Percoll (Pharmacia, 
Sweden) and mannitol (Table 1). Freshly isolated protoplasts
Fig. 1. Isolation of subprotoplasts by centrifugation.
A) Hordeum vulgare mesophyll protoplast with fluorescent 
stained nucleus after 20 min centrifugation at 20,000 rpm.
B) Separation of subprotoplasts from a Zea mays internode cell. 
A thin cytoplasmic bridge (arrows) is still present.
C,D,E) Protoplast and karyoplast from cultured cells of Nico­
tians tabacum (E = D in fluorescent light).
F) Electron micrograph of a nucleus containing subprotoplast 
from a cultured cell of Zea mays.
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TARLE 1 Preparation of subprotoplasts from corn cell-line 
protoplasts in an isoosmolal step density gradient
OsmolalityGradient
composition (mOs/kg t^O)
1
0.5 M mannitol 
+ 0.22 M CaCl2 
(1+1, v+v)
Percoll +
2 0.54 M mannitol
(1+9, v+v)
Percoll +
3 0.9 M mannitol
(1+1, v+v)
Percoll +
1.9 M mannitol
Density Centrifugation 
(g/cm3) 45-60 min
30-40,000 x g
isoosmolal 
540 + 15
1 .0 1 1
1.042
1.092
1.128
cytoplasts
vacuoplasts
non-
fractionated
protoplasts
miniprotopl.
karyoplasts
cell 
fragments
(8+2, v+v) V
TABLE 2 Size and development of subprotoplasts isolated bv
centrifuaation from corn cell-line protoplasts
PROTOPLASTS
(control)
CYTOPLASTS KARYOPLASTS
after
centrifugation
DIAMETER ( p m ) 49.4 + 4.2 47.2 + 10.9 24.8 + 1.3
VOLUME (%) 100 + 28 87.2 + 37.5 12.6 + 2.1
1 day in 
culture
DIAMETER ( p m ) 52.5 ± 5.4 49.4 ± 6.3 36.1 + 2.0
VOLUME (%) 120 + 41 100 + 43 39.0 + 6.9
2 days in 
culture
first cell 
divisions
20-50% viable 
some budding
40-80% viable 
cell enlarge­
ment
4 days in 
culture
20-30% < 5% viable 
dividing cells
singular cell 
divisions
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are put on top of the gradient and fractionated by centrifuga­
tion at 20,000 rpm for 1 h. Cytoplasts and vacuoplasts float 
on top of the gradient. Some non-fractionated and small proto­
plasts are found distributed in gradient steps 2 and 3, while 
karyoplasts and miniprotoplasts band between step 3 and 4. Cell 
debris and fragments pellet to the bottom of the tube. After 
collection from the gradient the subprotoplast fractions are 
washed with osmoticum or medium to remove Percqll. Use of cyto- 
chalasin B in our experiments did not show a significant in­
crease in subprotoplast yield.
The size of subprotoplasts isolated from corn cell-line proto­
plasts (13) has been determined after isolation and after 
transfer to culture medium (Table 2). Karyoplasts have about 
10-15% of the volume of the original protoplasts. When kept in 
culture they increase rapidly in size and in a very few cases 
cell divisions are observed. The viability of cytoplasts in 
culture decreases and no survivors were observed after 7 days. 
The cytoplast fraction seems therefore to be a pure population 
of enucleated subprotoplasts and useful material to transfer 
nuclear-independent genetic information. The observation of a 
low number of developing cells in the karyoplast fraction is 
strong evidence that some of the subprotoplasts are miniproto­
plasts still containing enough cytoplasmic material to allow 
normal development with about 2 days' retardation compared to 
control material. This is also in accordance with the results 
of Wallin et al. (14) who obtained hybrids when mini-proto­
plasts of complementing tobacco mutants were fused. On the 
other hand the use of karyoplasts as an alternative to nuclei 
transfer is restricted because additional selective systems 
are absolutely necessary to exclude "contamination" of sub­
protoplasts with non-fractionated protoplasts.
Fusion studies with subprotoplasts
Bearing in mind the restrictions mentioned above, only fusion 
experiments with protoplasts having well-defined markers and 
based on effective selection systems seem to be meaningful. We 
concentrate our efforts therefore on material which enables us 
to discriminate between fusion products formed by PROTOPLAST 
+ CYTOPLAST (cybrids) or PROTOPLAST + KARYOPLAST (nuclear hy­
brids) or PROTOPLAST + PROTOPLAST (fusion hybrids).
This possibility is opened up by Nicotiana tabacum mutants 
bearing two mutations: a nuclear gene coded chlorophyll defi­
ciency and as a non-mendelian character the streptomcycin re­
sistance (15). Subprotoplasts of this material in combination 
with nitrate reductase deficient mutants(16)should allow us 
to find conclusive results on the usefulness of subprotoplasts 
in fusion experiments. In addition, subprotoplasts may be ad­
vantageous in studies of cellular incompatibility, induction 
of vigorous growth pattern of hybrids (17), fusion experiments 
with small objects such as yeast protoplasts, or in gene 
transfer studies by fusion of subprotoplasts isolated from 
micronucleated cells.
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JHÍ PHYSIOLOGY OF FUSION IN ISOLATED HIGHER PLANT PROTOPLASTS 
AS A BASIS FOR SOMATIC CELL GENETICS
H. Kobli tz
Central  I n s t i t u t e  of  Genet i cs  and Crop P l a n t s ,
Academy o f  Sc i ences  of  the GDR 
Gaters l eben,  GDR
In 1972,  during the I n t er na t i o na l  P r o t o p l a s t  Symposium held in 
V e r s a i l l e s ,  p r o f e s s o r  Cocking sai d the f o l l o wi n g :  "Workers are 
understandably preoccupied with the d e s i r e  to produce the new 
somatic hybrid p l ant  and are sometimes not prepared to s tudy in 
d e t a i l  the various  s t ages  n e c e s s a r i l y  required for  t h i s  novel  
approach to p l ant  breeding to be f u l l y  implemented.  This i s  not  
to say t hat  the ' h i t  or miss' approach w i l l  not be rewarding in 
g i v i ng  some form o f  r e s u l t  but only a s y s t ema t i c  s tudy of  each 
s tage  in t h i s  mu l t i - s t a g e  process  w i l l  enable  a basic foundat ion  
to be l aid" ( 1 ) .  In the present  paper,  f o l l o wi n g  Cocking’ s de­
mand, I want to draw your a t t e n t i o n  to some s p e c i f i c  problems  
re l a t e d  to f us i on  e v e nt s .
During the Last y e a r s ,  remarkable s ucce s s  has been achi eved in 
the f us i on  of  higher plant  p r o t o p l a s t s  as wel l  as in the r e ­
covery of  p l ant s  from fus i on products  ( 2 - 5 ) .  In the e a r l y  work,  
i norgani c  s a l t s ,  e s p e c i a l l y  sodium n i t r a t e ,  have been used as 
f us i on  inducing agents  ( 6 ) .  Later ,  Kel l er  and Melchers (7)  pro­
posed the a p p l i c a t i o n  of  a high ca l c i um/ high  pH medium to i n ­
duce p r o t o p l a s t  f u s i o n .  Kao (8)  and,  nearl y  at  the same f ime,  
Eriksson (9)  i ntroduced the use of  p o l y e t h y l e n e  g l yco l  (PEG) as 
a powerful  f us ogen i c  agent .  Since then,  PEG has been s u c c e s s f u l ­
ly used to fuse  both plant  and animal c e l l s  ( 1 0 - 1 3 ) .  The f us i on  
of  membranes i s  a p r e r e q u i s i t e  of  the f us i on  of  (animal )  c e l l s  
and plant  p r o t o p l a s t s .  In c o n t r a s t  to the membranes of  animal  
c e l l s  (14)  , our  knowledge of  the p l ant  c e l l  membrane, the p l a s -  
malemma^is s cant y .  Recent ly ( 1 5 ) ,  an i n t e r e s t i n g  study was per ­
formed on the phos phol i p i ds  of  c e l l  membranes of  various  plant  
s p e c i e s  cu l tured  in s us pe ns i on ,  with regard to the f a t t y  acid  
composi t ion of  the membranes. This compos i t ion was found to be 
l a r g e l y  independent  of  the p l ant  s p e c i e s .  At the pres ent  s t a g e ,  
we -have to assume that  the s t r u c t u r e  of  p lant  c e l l  membranes i s  
Si mi l ar  to that  of  the animal c e l l  membranes.
The c e l l  membranes c o n s i s t  mainly of  l i p i d s  and p r o t e i n s .  The 
phosphol i p i ds  are n e g a t i v e l y  charged in the p h y s i o l o g i c a l  pH 
range thus g i v i ng  a neg a t i v e  charge to the whole c e l l  membrane,  
which i s  -a s evere  problem in any f us i on  event .  Among the mem­
brane p r o t e i n s ,  the g l y c o p r o t e i n s  are of  p a r t i c u l a r  i n t e r e s t .
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They carry o l i g o s a c c h a r i d e s  on the N-terminal  end,  d i r e c t e d  
towards the surroundings  of  the c e l l .  These carbohydrates  are 
of  s p e c i a l  i n t e r e s t  as to the problem o f  r e c o g n i t i o n  and adhe­
s i on of  membranes.  Furthermore,  they are the binding s i t e s  of  
l e c t i n s  and v i r u s e s .
Assuming we po s s e s s  a mixed popul at i on  of  p r o t o p l a s t s  A’ and B~, 
both kinds of  p r o t o p l a s t s  are loaded with n e g a t i v e  cha rg e s ,  r e ­
s u l t i n g  in mutual r e p u l s i o n .  I f  t he s e  charges  are n e u t r a l i z e d  an 
adhes ion of  the p r o t o p l a s t s  can be achi eved ( to  reach t h i s  e f ­
f e c t ,  the n e u t r a l i z a t i o n  of  the charges  of  one p r o t o p l a s t  s p e ­
c i e s  would be s u f f i c i e n t ) .
For a long t i me ,  i t  was supposed t hat  the treatment  of  p r o t o p l a s t s  
with cal c ium i ons  w i l l  compensate the neg a t i v e  charges  o f  the 
plasmalemma. This assumption has been proved to be c o r r e c t  in 
1978 by Nagata and Melchers (16 ) .  100 mM Ca decreased to zero  
the e l e c t r o p h o r e t i c  mo b i l i t y  (U) of  tobacco p r o t o p l a s t s  and the  
correspondi ng c - p o t e n t i a l *  d i r e c t l y  proport i ona l  to U. By t h i s  
t reatment  the aggregat i on  o f  p r o t o p l a s t s  was g r e a t l y  i nc r e a s e d .
The e f f e c t  of  cal c ium i o n s ,  however,  i s  not r e s t r i c t e d  to the  
n e u t r a l i z a t i o n  of  e l e c t r i c  charges .  The Ca++- i o n s  p e n e t r a t e  much 
deeper i n t o  the c e l l  membranes.  From the r e s u l t s  o f  i n v e s t i g a ­
t i o n s  on p h o s p h a t i d y l s e r i n - 1 i po s o me s , Papahadjopou1 os e t  a l .
(17)  conclude t hat  the f us i o n  energy may come from l i p i d - p r o t e i n  
phase s e p a r a t i o n s  induced by cal c ium i ons .  Liposomes do fuse  p re ­
f e r e n t i a l l y  near or somewhat above the l i q u i d - c r y s t a l l i n e  t r a n s i ­
t i o n  t emperature .  In t h i s  way, s o - c a l l e d  smooth membrane s ur f a c es  
with i ncreas ed  l i p i d  f l u i d i t y  are formed.  These p a r t i c i p a t e  in 
the f i r s t  membrane c o n t a c t s .
The low l e v e l  hydrogen ion c o n ce nt ra t i o n  may lead to the forma­
t i on  i n s i d e  the membrane of  l y s o ph o s p ho l i p i d s  ( e . g .  l y s o l e c i t h i n ) 
which are known to i n i t i a t e  f us i on  in animal c e l l s .
The mechanism of  the membrane f us i o n  i n i t i a t e d  by PEG i s  as ye t  
unknown. There are a number of  hypotheses  t ha t  may be summariz­
ed as f o l l o w s .  PEG i s  a po l ycondensate  of  e t h y l e n e  g l y c o l .  The 
macromolecule has a neg a t i v e  charge .  Various low and high molec­
ular  weight  hydr o ph i l i c  subs tances  can be bound to PEG by means 
of  t h e i r  p o s i t i v e l y  charged groups.  When the chain i s  long 
enough,  i t  can s erve  as a bridge between the c e l l  membranes of  
adj acent  p r o t o p l a s t s .  Of cours e ,  PEG can bind a l s o  c a t i o n s ,  e . g .  
calcium i o ns .  Thus,  i t  i s  p o s s i b l e  that  b i v a l e n t  c a t i o n s  c o n s t i ­
t u t e  a l i nk  between the n e g a t i v e l y  charged groups of  phospho­
l i p i d s  and the n e g a t i v e l y  charged s t r u c t u r e s  of  PEG. During the
C= — where c = c - p o t e n t i a l  (mV),
U = e l e c t r o p h o r e t i c  m o b i l i t y ,  n = v i s c o s i t y ,  
e = d i e l e c t r i c  c o ns t a nt .
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e l u t i o n  proces s  o f  Kao’ s method ( 8 ) ,  i f  high ca l c i um/ h i gh  pH s o ­
l u t i o n  i s  added ( 7 ) ,  a p o s s i b l e  r e d i s t r i b u t i o n  of  charges  and 
format ion o f  cal c i um br i dges  may lead to the f us i on  o f  membranes.
The e l i m i n a t i o n  o f  the n e g a t i v e  s ur f ac e  charges  r e s u l t s  in the  
format ion of  e l e c t r i c a l l y  neutral  u n i t s  which can be combined 
in the presence  of  aggregat i on  promoters to p a i r s :  AA, AB, and 
BB. A s i g n i f i c a n t  i n c r e a s e  in the y i e l d  of  heterokaryons  may,  
however,  be obtained by r e t a i n i n g  the o r i g i n a l l y  n e g a t i v e  charges 
of  one partner  and changing the charges  of  the o t her .  This t r e a t ­
ment favours  the combinat ion A B+. According to Nagata and 
Melchers (16)  t h i s  can happen upon the addi t i o n  o f  p o l y c a t i o n s .  
This r e s u l t s  in the p r e f e r e n t i a l  combinat ion of  A+ and B' ,  or 
v i c e  v e r s a ,  in high f r e q u e n c i e s .  However,  there are two d i f f i ­
c u l t i e s .  F i r s t l y ,  a l l  t e s t e d  p o l y c a t i o n s ,  except  protamine s u l ­
f a t e ,  have been found to be t o x i c  to the p r o t o p l a s t s ;  s e c o n d l y ,  
the charge c onver s i ons  are r e v e r s i b l e  a f t e r  removal of  the p o l y ­
c a t i o n s  from the medium. The permanent presence  of  the p o l y c a ­
t i o n ,  however,  l eads  to the same charge convers i on  in the p a r t ­
ner system and a b o l i s h e s  the d e s i r e d  e f f e c t .  There f ore ,  a method 
must be looked f o r ,  r e s u l t i n g  in a n o n - t o x i c ,  s t a b l e  convers i on  
o f  the s ur f ac e  charges  o f  the c e l l  membrane. Melchers reported  
r e s u l t s  o f  exper iments  aimed at  i n f l u e n c i n g  the s ur f a c e  charges  
o f  p r o t o p l a s t s  by p o s i t i v e l y  charged s y n t h e t i c  phos pho l i p i ds  not  
only to e l i m i n a t e  t hes e  charges  but to convert  them i n t o  p o s i ­
t i v e  ones and to e s t a b l i s h  in t h i s  way a "secondary a r t i f i c i a l  
s e x u a l i t y "  which may f a c i l i t a t e  the f us i on  o f  membranes ( 1 8 ) .
A sexual  c e l l  can re cogn i z e  s p e c i f i c a l l y  the partner  c e l l .  This 
has not  been reproduced so far  by us ing the p r o t o p l a s t  f us i on  
t e chni que .  All  f us i o n  methods are q u i t e  n o n - s p e c i f i c ;  they rep­
r e s ent  phys i cochemi cal  systems which a l s o  work with n o n- b i o l o g -  
i c a l  ma t e r i a l s  ( e . g .  i nc o rpo ra t i o n  of  l a t e x  p a r t i c l e s  i n t o  pro­
t o p l a s t s ,  e t c . ) .  In any c a s e ,  the r e a c t i o n s  do not  seem to be 
p h y s i o l o g i c a l  ones .They should be repl aced  as soon as p o s s i b l e  
by more b i o l o g i c a l  methods.
In c e l l  r e c o g n i t i o n  the o l i g o s a c c h a r i d e s  of  g l y c o p r o t e i n s  seem 
to be important .  They are r e s p o n s i b l e  for  r e c o g n i t i o n  and ad­
hes i on .  In view of  the h i g h l y  s p e c i f i c  s t r u c t u r e  of  t hes e  sugars,  
exper imental  mo d i f i c a t i o n  of  the plasmalemma may be a method for  
a ggre gat i ng  c e l l  membranes of  only s p e c i f i e d  p r o t o p l a s t s .  In 
t h i s  con n e c t i o n ,  the use of  immunological  methods ( 2 0 ) ,  l e c t i n s ,  
p a r t i c u l a r l y  Concanaval in A (Con A),  seems to be extremel y v a l u ­
able  ( 2 1 - 2 5 1 ) .  Af t er  E r i k s s o n ’ s (21)  obs erv a t i o n  showing that  
Con A a g g l u t i n a t e s  the c a r ro t  p r o t o p l a s t s ,  and t h i s  can be i n ­
h i b i t e d  by the a d d i t i o n  o f  a-methy1g l uc os e  to the medium, Con A 
has been used in the PEG f us i o n  method for  improving the f us i on  
frequency (22) .
Despi t e  a s e r i e s  of  e l e c t r o n  mi cros copi c  i n v e s t i g a t i o n s  (23- 25)  
with the aim of  e l u c i d a t i n g  the l i nkage  s i t e ( s )  o f  Con A in the  
membrane, the mol ecul ar  s t r u c t u r e s  invo l ved  in t h i s  re ac t i on  
have not y e t  been i de nt i  f i  ed.  I t  has been shown, however,  that  
Con A i s  l inked to the plasmalemma but not to the c e l l  wa l l .  
Furthermore the l i nkage  s i t e s  have been shown to be blocked
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c o m p e t i t i v e l y  by f r e s h l y  formed c e l l  wal l  prec ur s ors .  Con A l i nk  
age s i t e s  may be blocked or des troyed a l s o  by t o x i c  contamina­
t i o n s  of  the enzyme preparat i ons  used for  p r o t o p l a s t  i s o l a t i o n ;  
a rapid r e s t o r a t i o n  of  t he s e  l i nkage  s i t e s ,  however,  in a s o r ­
b i t o l  cont a i n i ng  s o l u t i o n  could be observed.
I wish to draw your a t t e n t i o n  to an area,  in which nature i t s e l f  
pres ent s  examples of  d i r e c t e d  c e l l  f us i o n:  the format i on,  agg l ut i  
nat ion and f us i on  of  i sogametes  of  the green a l g a e ,  e s p e c i a l l y  
Chiamydomonas.
In c o n c l u s i o n ,  a number of  problems have to be so l ved before  a 
d i r e c t e d  f us i on  of  d i f f e r e n t  p r o t o p l a s t s  can be achi eved.
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INTRODUCTION
The s u b j e c t  o f  ONA-mediated t rans format i on  o f  eukaryot i c  c e l l s  
had undergone dramatic changes during the past  two y e a r s .  A l ­
though i t  had been s ugges t ed  a long time ago ( f o r  review of  
t hes e  e a r l i e r  r e s u l t s  see  1) that  non- v i ra l  exogenous DNA could 
be taken up by eukaryot i c  c e l l s  and e x pr e s s e d ,  i t  was only in 
1978-79 t hat  s o p h i s t i c a t e d  g e n e t i c  systems al lowed a c l e a r - c u t  
demonstrat ion of  t h i s  phenomenon.
The r e s u l t s  re f erred  to above were obtained with y e a s t  and s e v ­
eral  mammalian cu l tured  c e l l  l i n e s  ( 2 ,  6 and Table 1) .
TABLE 1 Some eukaryot i c  systems in which t rans format i on  and/or  
t r a n s f e c t i o n  have been observed at  the c e l l u l a r  1eve1~
Receipient  c e l l s  Induct ion of  uptake Donor DNA
Yeast P r o t o p l a s t s ,  CaCl? , - Col E i - l e u y e  recom-
PEG b i n a n t p l a s m i d s ( 5 )
- Col El - 1euye-2u  
y e a s t  plasmids  (3 )
Xenopus l a e v i s *  Mi c r o i n j e c t i o n  - SV 40
- Col E] -Drosophi 1 a 
h i s t o n e  genes (17)
Cultured mam- Calcium phosphate-  - Viral  DNAs (18)  cDNA
malian c e l l  DNA c o - p r e c i p i t a t e  o f  oncornavi ruses  (19)
l i n e s  - Herpes thymidine
kinase gene (20)
- SV40-hemoglobin cDNA 
SV40-X hybrids (2,21)
- Homologous and h e t e r ­
ologous  APRT genes(22)
Tur n ip  pr o t o p l a s t s  ? - Cau l i f l ower  mosaic
vi rus  DNA (23)
* I t  i s  not known whether or not the added g e n e t i c  
t r a i t s  are t ransmi t t ed  to the progeny.
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These r e s u l t s  could be obtai ned thanks to the convergence  of  
apparent l y  unre l a t ed  t e chni ques  such as the i s o l a t i o n  and de ­
s c r i p t i o n  o f  e u k a r y o t i c  mutant c e l l  l i n e s  and methods a 11owing 
e f f i c i e n t  uptake o f  DNA by c e l l s .
Such w e l l - d e f i n e d  systems are not y e t  a v a i l a b l e  in p l a n t s .  In­
deed,  auxotrophic  c o n d i t i o n a l  l e t h a l  mutants in plant s  are r e ­
s t r i c t e d  to the thiamine l o c i  in A r a b i d o p s i s  (7)  and in the T o­
mato  ( 8 ) or to the p r o l i n e  l ocus  in Maize  ( 9 ) .  Moreover,  M aiz e  
p r o t o p l a s t s  do not lend themse l ves  to easy r e g e n e r a t i o n .  On the 
other  hand,  s u i t a b l e  h o s t - v e c t o r  systems for  i n t roduc i ng  genetic 
informat ion i n t o  p l a nt s  c e l l s  s t i l l  have to be produced ( 1 0 ).
Our aim i s  to develop t echni ques  a l l owi ng  to overcome the me­
c hani ca l  b a r r i e r  to DNA uptake p o s s i b l y  presented by the c e l l  
wal l  and to i n v e s t i g a t e  how the donor DNA can be p r o t e c t e d  a- 
g a i n s t  nuc l e a s e  a t t a c k .  For t -his ,  we used as r e c i p i e n t  systems  
mesophyl l  p r o t o p l a s t s  e n z y ma t i c a l l y  i s o l a t e d  from Vig na  s i n e n ­
s i s  (11)  and N i e o t i a n a  tabaaum  SRI ( 1 2 , 1 3 ) .  Plasmid DNAs were 
used as donors .  Some of  the advantages  of  t h e s e  h o s t - v e c t o r  
systems are l i s t e d  in Table 2.
TABLE 2 Some p r o p e r t i e s  of  the r e c i p i e n t  c e l l s  and of  the  
donor DNAs used In our s t u d i e s
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P r o t o p l a s t s Plasmids
- High numbers of  t o t i p o t e n t  
c e l l s  can be t r e a t e d  under 
standard co n d i t i o n s
- Regenerat ing p r o t o p l a s t s  
can be cloned on s e l e c t i v e  
medium
- Absence of  c e l l  wal l  t h e o ­
r e t i c a l l y  f a c i l i t a t e s  pe n e t ­
r a t i o n  o f  macromolecules .
- Al l  mol ecul es  are i d e n t i c a l
- Gene dosage per mol ecul e  i s  
high
- I n s e n s i t i v e  to exonuc l eas e  
a c t i o n
- Cloning t echni ques  a l low  
a m p l i f i c a t i o n  of  s e l e c t e d  
g e n e s .
One major di sadvantage  to the use of  b a c t e r i a l  plasmids i s  that  
t h e i r  f u n c t i o n s  are not expected to be r e a d i l y  expres sed  in a 
s e l e c t a b l e  way in p lant  c e l l s  ( e x c e p t ,  perhaps ,  for  the Ti p l a s ­
mid from A g r o b a o t e r i u m  t u m e f a a i e n s )  ( 3 7 ) .  N e v e r t h e l e s s ,  they  
n i c e l y  f i t  the needs f or  biochemical  s t u d i e s  dea l i ng  wi th the  
uptake of  DNA and mimic c l on i ng  vec t ors  to be used in future  
b i o l o g i c a l  experiments  wi th p l a n t s .
Several  reviews  devoted in part  to DNA uptake s t u d i e s  in plant  
p r o t o p l a s t s  and d i s c u s s i n g  the c o n s t r u c t i o n  of  p o t e n t i a l l y  u s e ­
ful  molecular  v e c t o r s  f or  p lant  c e l l s  have already been pub­
l i s he d  ( 1 0 , 14 - 16 ) .
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Cowpea mesophyl l  p r o t o p l a s t s  were obtai ned by enzymatic d i g e s ­
t i o n  of  7*day old primary l e a v e s  as des cr i bed  in ( 1 1 ) .  Tobacco 
shoot s  were grown a s e p t i c a l l y  on H medium wi thout  hormones (34) .
3
P r o t o p l a s t s  were obta i ned as des cr i bed  in ( 1 3 ) .  ( H)-p BR 313,  
( 3 H)-p BR 322 and ( JH)-p CR1 , plasmid DNAs were obtained a f t e r  
chloramphenicol  a m p l i f i c a t i o n  and c e n t r i f u g a t i o n  o f  c l eared  
l y s a t e s  in CsCl-ethidiurn bromide g ra d i ent s  ( 15) .
I n  v i t r o  recombinat ion of  pBR313 with bar l ey  DNA was performed 
with Bam HI d i g e s t e d  DNA l i g a t e d  wi th bact er i ophage  T4-induced  
l i g a s e  and i nt roduced by t rans format i on  i n t o  E. o o l i  C 600 (35 ) .
Th^se experiments  were car r i e d  out under P2 + EK1 containment  
according to NIH g u i d e l i n e s  for  recombinant  DNA re s earch.
Entrapment of  plasmid DNA wi t h i n  l iposomes  w i l l  be descr i bed  
e l sewhere  (36 ) .
Nuc l e i c  ac i ds  were p u r i f i e d  from p r o t o p l a s t s  by l y s i s  wi th 2 % 
sodium d o d e c y l s u l f a t e , i ncubat i on  wi th 100 ug/ul  p r o t e i n a s e  K 
f or  1 hour at  37°C,  phenol e x t r a c t i o n  and ethanol  p r e c i p i t a t i o n .  
Molecular s i e v i n g  on Sepharose 4B and 6 B was performed as be­
fore  (31 ).
RESULTS AND DISCUSSION
1. Induct ion of  DNA Uptake by Plant  P r o t o p l a s t s
Experimental  c o n d i t i o n s  promoting the uptake and e x p r e s s i o n  of  
other  i nf ormat i ve  macromolecules  - i . e .  v i r a l  RNAs - have been 
worked out in d e t a i l  ( 24 ,  25) .  Such c o n d i t i o n s  were a l s o  u t i l ­
i zed in experiments  where plasmid DNA was fed to higher  p lant  
p r o t o p l a s t s  wi th the r e s u l t  that  po l y c a t i o n s  and high pH values  
promoted i r r e v e r s i b l e  binding of  plasmids to p r o t o p l a s t s  ( 26,  
27) .  However,  the p lant  s p e c i e s  used in t hes e  s t u d i e s  y i e l d  pro­
t o p l a s t s  that  do not e a s i l y  regenerat e  mature p l a n t s .  There f ore ,  
a d di t i o n a l  experiments  were car r i ed  out wi th tobacco SR-1 p r o t o ­
p l a s t s  d i s p l a y i n g  high t o t i p o t e n c y .
Figure 1A re pr es ent s  the t o t a l  binding of  ( 3H)-pCRl ( 8 . 6  Mdal) 
DNA to tobacco p r o t o p l a s t s  measured as the amount o f  r a d i o a c ­
t i v i t y  removed from the i ncubat i on  medium as a f un c t i o n  o f  t ime.  
I t  can be seen that  i ncubat i on  at  pH 10.5 wi th CaCl  ^ (25)  gen­
e r a t e s  the h i g h e s t  rat e  o f  binding a f t e r  30 minutesTComplex 
formation between pCRl and p o l y - L - o r n i t h i n e  (26 ,  27) or h i s t o ne  
HI from c a l f  thymus in order to produce "mi ni eh romosomes" (28,  
29) a l s o  i nc r e a s e s  the rat e  of  binding compared to K3 medium
(13)  a l one .  However,  the a n a l y s i s  of  the s t a t e  of  donor DNA in 
the medium by CsCl-ethidiurn bromide d e n s i t y  grad i ent s  c e n t r i f u ­
gat i on  i n d i c a t e s  t ha t  plasmid complexed with h i s t o n e  HI or wi th  
p o l y - L - o r n i t h i n e  (not  shown) i s  cons i de rab l y  degraded whereas  
i ncubat i on  at  high pH i s  much l e s s  harmful to plasmid DNA 
(Fi gure  IB) .  N e v e r t h e l e s s ,  only t r a c e s  o f  s u pe r c o i l e d  DNA are 
det e c t e d  in the l a t t e r  c a s e ,  i n d i c a t i n g  that  i n t e n s e  ni cki ng  
a c t i v i t y  occurs even at  pH 10 . 5 .  Despi t e  the f a c t  that  proto-
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Fig- 1 A Withdrawal of  ( Hj-pCRl DNA from the i ncubat i on  me­
dium by tobacco p r o t o p l a s t s .  • — a,  in K3M medium;
D'— □ ) h i s t o n e  HI-DNA complex in K3M medium; o— o , poly  
-L-orni  thi  ne-DNA complex in K3M me di um; « — B . in K3M me­
dium at  pH 10.5 in the presence  of  50 mM CaC12 •
B CsCl-ethidiurn bromide d e n s i t y  g radi ent  c e n t r i f u g a t i o n  
of  r e s i d u a l  donor DNA in K3M medium ( pCRl -hi s tone  HI com 
p l e x ) ,  c— • and in high pH medium, o— o a f t e r  i ncubat i on  
with p r o t o p l a s t s  for  4 hours and 30 min., r e s p e c t i v e l y .
plast s  incubated at  pH 10. 5  for  30 min. bind the same amount of  
( 3 H)-pCRl as p r o t o p l a s t s  incubated f or  3 hours in the presence  
of  a ( 3 H) - pCRl p o l y - L - o r n i t h i n e  complex,  i t  i s  found t hat  the 
amount of  donor DNA i r r e v e r s i b l y  bound (DNase I - r e s i s t a n t )  i s  
4f o l d  higher  at  high pH ( 2 . 2  % of  i nput  versus  0 . 06 %). The phy­
s i c a l  s t a t e  o f  t hes e  mol ecul es  was analysed by CsCl-ethidiurn  
bromide d e n s i t y  gradi ent  c e n t r i f u g a t i o n .
Fig.  2A shows t hat  donor ( 3H)-pCRl DNA c o n s i s t s  of  about 90 % 
s u pe r c o i l e d  mo l ec u l e s .  Plasmid DNA i r r e v e r s i b l y  bound to pr o t o ­
p l a s t s  a f t e r  30 min. at  pH 10.5 was e x t ra c t ed  according to the 
"c l eared l y s a t e"  method as in (30)  and banded in a CsCl-EB gra­
d i e n t .
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Fi g.  2
A CsCl -e thidium bromide 
(Tensity gradi ent  c e n t r i f u ­
gat i on of  donor ( 3H)-pCRl 
DNA.
B CsCi -e thidium bromide 
(Tensity g ra d i ent  c e n t r i f u ­
gat i on o f  DNA extracted-  
from tobacco p r o t o p l a s t s  
incubated wi th ( 3 H) - p C R1 
for  4 hours in K3M me­
dium, • — « and for 30 min.  
at pH 10 . 5  plus 50 mM 
CaC^j  o— o .
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Fig.  2B shows t hat  s u pe r c o i l e d  mol ecul es  were r e t r i e v e d ,  most of  
the r a d i o a c t i v i t y  banding at  the p o s i t i o n  o f  nicked and l i n e a r  
DNA. When the i ncubat i on  was carr i ed  out in unsupplemented K3M 
medium, a f l a t  p r o f i l e  was o b t a i ne d ,  i n d i c a t i n g  the absence of  
uptake ofDNA a b1e to band in a CsCl g r a d i ent .
The degree of  po l ymer i za t i on  of  donor DNA i r r e v e r s i b l y  bound to 
tobacco p r o t o p l a s t s  was f ur t he r  i n v e s t i g a t e d  by molecular  s i e v -  
i ng on Sepharose (31 ) .
Figure 3 d e s c r i b e s  the mol ecul ar  weight  spectrum d i s p l a y ed  by 
( 3H)-pBR 322 plasmid DNA ( 2 . 6  Mdal ) found a s s o c i a t e d  wi th pro­
t o p l a s t s  a f t e r  a 45 min. i nc uba t i o n .  As e x pec t ed ,  i ncubat i on  in 
K3M medium does not al l ow the recover i ng  o f  i n t a c t  plasmid mole­
c u l e s  e l u t i n g  at  the void volume ( f r a c t i o n s  9 - 1 1 ) .
Heavy depo l ymer i za t i on  o f  the donor DNA i s  a l s o  observed when 
p o l y e t h y l e n e  g l yco l  and CaCl2 are added to the medium in order  
to promote p r o t o p l a s t  f us i on  (32)  and compac t i zat i on  of  DNA (33).  
The amount of  retarded (degraded)  DNA i s  decreased at  the e x ­
pense of  excluded DNA when p o l y - L - o r n i t h i n e  and ZnSÜ4 (26)  or a 
combinat ion of  them with p o l y e t h y l e n e  g l yco l  are pres ent  in the  
med i urn.
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Fig.  3 Molecular s i e v i n g  on Sepharose 4B of  ( H)-pBR 322 r e ­
covered from tobacco p r o t o p l a s t s  a f t e r  a 45 min. i ncuba­
t i on  in (A) K3M medium (B) in K3M medium plus PEG 6000,  
(C) in K3M medium with a pol y - L- orni thi ne- pBR 322 com­
plex in the presence  of  5 mM ZnSO* , (D) in K3M plus a 
combinat ion of  a d d i t i v e s  as in (B) and (C) ,  (E) in K3M 
medium brought to pH 10. 5  plus 50 mM CaC^.
N e v e r t h e l e s s ,  i t  appears that  much more donor DNA i s  e l u t ed  at  
or c l o s e  to the void volume when the i ncubat i on  i s  carr i ed  out  
at pH 10.5 in the presence  of  CaC^.  Thus,  i t  seems c l e a r  that  
the l a t t e r  c o n d i t i o ns  o f  i ncubat i on  al low the bes t  pr e s e r v a t i o n  
of  donor plasmid DNA in the medium as wel l  as in the p r o t o p l a s t s .  
I t  should be noted t h a t  in a l l  c a s e s ,  p r o t o p l a s t s  re ta i ned  t h e i r  
a b i l i t y  to d i v i d e  a f t e r  the t reatment s .  However,  co nce nt ra t i o ns  
of  DNA higher than 20 yg/ml become t o x i c  at  high pH.
2. S t a b i l i t y  of  Donor DNA Af t er  Uptake
I t  has been argued t hat  c o v a l e n t l y  c l o s ed  c i r c u l a r  DNA mole­
cu l es  would c o n s t i t u t e  adequate mol ecul ar  vec tors  for  t r a n s f e r ­
ring new g e n e t i c  i nformat ion to p l ant  c e l l s  (10 ,  14,  16,  38) .
In t h i s  regard,  i t  was of  i n t e r e s t  to compare the f a t e  of  super-  
c o i l e d  and l i n e a r  DNA fed to p r o t o p l a s t s .  The plasmid pBR 322
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p o s s e s s e s  a s i n g l e  s i t e  of  c l ea v a g e  f or  the r e s t r i c t i o n  endonu­
c l e a s e  Bam HI ( 3 5 ) .
The s u p e r c o i l e d  plasmid can thus e a s i l y  be converted i nt o  an 
i d e n t i c a l  but l i n e a r  DNA mol ecul e .  Fig.  5 r e pr es ent s  the a n a l y ­
s i s  of  s u p e r c o i l e d  and l i n e a r  pBR 322 i r r e v e r s i b l y  bound to cow- 
pea p r o t o p l a s t s  a f t e r  a 45 min. i ncubat i on  in the presence  of  
ZnSO  ^ and p o l y - L - o r n i t h i n e  ( 2 6 ) .
O
Fig.  4 Molecular s i e v i n g  on Sepharose 4B of  donor ( H)-pBR and 
of  (^H) pBR 322 recovered from cowpea p r o t o p l a s t s  a f t e r  
a 45-min.  i nc ub a t i o n .  A Superco i l ed  pBR 322 , £  pBR 322 
c l eaved with Bam HI, £  pBR 322 d i g e s t e d  to complet ion  
by DNase I ,  £  DNA recovered from cowpea p r o t o p l a s t s  i n ­
cubated wi th s u pe r c o i l e d  pBR 322,  E DNA recovered from 
cowpea p r o t o p l a s t s  incubated wi th Ti near  pBR 322,
F Compounds recovered from cowpea p r o t o p l a s t s  incubated  
with pBR 322 d i g e s t e d  as in (C).
Figures  4 A, B and C r e pr es ent  the e l u t i o n  pat t erns  on Sepharose  
4B columns of  s u p e r c o i l e d ,  l i n e a r  (Bam HI - d i g e s t ed )  and DNase 
I - d i g e s t e d  pBR 322.  As e x p ec t ed ,  s u pe r c o i l e d  and l i n e a r  plasmid 
mol ecul es  are excluded from the gel  whereas the o l i g o n u c l e o t i d e s  
produced by DNase I are strongly r e t a r d e d . Figure 4 D c l e a r l y
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demonstrates  t ha t  s u p e r c o i l e d  pBR j 22 undergoes degradat i on  in 
cowpea p r o t o p l a s t s  but a l s o  shows the p e r s i s t e n c e  of  a c o n s i d e r ­
able  amount of  polymerized plasmid mo l e c u l e s .  On the other  hand,  
l i n e a r i z e d  pBR 322 i s  degraded much f a s t e r  than i t s  s u pe r c o i l e d  
counterpar t  and d i s p l a y s  a wide spectrum o f  mol ecul ar  we ights  
(F i g .  4) with a predominant peak e l u t i n g  at the p o s i t i o n  of  low 
mol ecul ar  weight  compounds ( s e e  Fig.  4C),  This s u g g e s t s  that  the  
f r e e  ends of  l i n e a r  DNA are h i gh l y  s u s c e p t i b l e  to exonuc l eas e  
a c t i v i t y  present  in the p r o t o p l a s t s .
Fig.  4 F shows t h a t  cowpea p r o t o p l a s t s  are abl e  to accumulate  
o l i g o n u c l e o t i d e s  produced by d i g e s t i o n  of  pBR 322 by DNase I 
pr i or  to i nc ub a t i o n .  In t h i s  exper iment ,  a t o t a l  p r o t o p l a s t s  
l y s a t e  was appl i ed  on the column,  t h e r e f o r e ,  the smal l  amount o f  
r a d i o a c t i v i t y  e l u t e d  at  the bed volume ( f r a c t i o n s 11 - 13) r e pr e ­
s e n t s  a s p e c i f i c  t rappi ng of  low mol ecul ar  we ight  products  by 
c e l l u l a r  DNA. This was demonstrated by phenol e x t r a c t i o n  of  t hes e  
f r a c t i o n s  and TCA p r e c i p i t a t i o n .  - No r a d i o a c t i v i t y  was found,  
showing that  there  was no r e u t i 1iZ3 t i o n  of  DNase I - g e ne ra t ed  com­
pounds for  c e l l u l a r  DNA s y n t h e s i s  wi t h i n  the per i ods  used.
In order to (determine whether the r a d i o a c t i v e  compounds r e s u l t ­
ing from the degradat i on  o f  s u pe r c o i l e d  (^UJ-pBR 322 in cowpea 
p r o t o p l a s t s  ( r i g h t  peak in Fig.  4D) s t i l l  conta i n  g e n e - s i z e  
mol ecul es  ( 0 . 5  Mdal or more) ,  the same e x t r a c t  was run on the 
l e s s  porous Sepharose 5B g e l .  On such a g e l ,  DNA mol ecul e s  of  
mol ecul ar  weight  0 . 5  Mdal are a l s o  excluded (39 ,  40) .
Fig.  5A shows t hat  Sepharose 6 B does not a l l ow a c l e a r - c u t  f r a c ­
t i o n a t i o n  as in Fig.  4D. I n s t e a d ,  the exc luded peak i s  f o l l owed  
by an important  t r a i l i n g  i n d i c a t i v e  of  a high degree of  h e t e r o ­
g e n e i t y .  Molecules  e l u t e d  at  the l e f t  o f  the arrow and r e p r e s e n t ­
ing ca.  45 % o f  the t o t a l  r a d i o a c t i v i t y  d i s p l a y  mol ecul ar  weight  
val ues  higher than 0 . 4  Mdal (computed as in r e f .  39 ) whereas  
those  e l u t ed  at  the r i g h t  o f  the arrow (55 %) have molecular  
weights  lower than 0 . 4  Mdal. These values  compare wel l  with those  
deri ved from Fig.  4D and thus show that  about h a l f  o f  the p l a s ­
mid recovered from the p r o t o p l a s t s  i s  o f  sub-gene s i z e .
Another important  que s t i on  i s t h a t  of  the s t a b i l i t y  of  i r r e v e r ­
s i b l y  bound DNA during peri ods  of  time a l l o w i ng ,  e . g .  c e l l  wal l  
r e g enera t i o n  and f i r s t  c e l l  d i v i s i o n s .  We have p r e v i o u s l y  shown 
(26)  t ha t  plasmid DNA taken up by cowpea p r o t o p l a s t s  does not  
undergo a d d i t i o n a l  degradat i on during a 45-min.  chase per i od.
The same experiment  was repeated w i t h ,  however,  a chase period  
extended to 48 hours a f t e r  upt ake -  Fig.  5 B i n d i c a t e s  that  (^H)-  
-plasmid t r e a t e d  p r o t o p l a s t s  r e l e a s e  low M.W. DNA degradat i on  
products  a f t e r  t r a n s f e r  to f res h  medium.
At the same t i me ,  the prominent exc luded peak seen in Fig.  4D 
d r a ma t i c a l l y  decreases  at  the expense of  a l arge  peak of  i n t e r ­
mediate M.W. DNA and a small  peak of  low M.W. compounds (Fig.
5C) perhaps correspondi ng to s i m i l a r  mol ecul es  excret ed  i nt o  
the medium. Thus,  the amount o f  high M.W. plasmid taken up d r a s ­
t i c a l l y  decr eas e s  wi th t ime.  - Under these  experimental  cond i ­
t i o n s ,  cowpea p r o t o p l a s t s  each take up approx.  14,000 cop i e s  of  
plasmid DNA ( 2 6 ) .  Af t er  48 hours ,  only approx.  30 mol ecul es  per 
p r o t o p l a s t s  are d e t e c t e d .  These data a l s o  show t hat  k i n e t i c  ex-
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periments  aiming at  the determi nat i on of  DNA uptake by p r o t o ­
p l a s t s  over extended periods  (27,  37,  41)  must deal  wi th q u a l i ­
t a t i v e l y  d i f f e r e n t  molecules  as i ncubat i on  t imes i nc r e a s e .  In­
t e r e s t i n g l y ,  i t  i s  a l s o  found that  cowpea p r o t o p l a s t s  fed with  
( ’ H)-p1asmid DNA degraded to complet ion by DNase I do not r e ­
u t i l i z e  t hes e  products  for  t h e i r  own DNA s y n t h e s i s  even a f t e r  
48 hours (Fi g .  5C).
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Fig.  5 A Molecular s i e v i n g  on Sepharose 6B of  DNA recovered  
7rom cowpea p r o t o p l a s t s  incubated for  45 min. with 
s upe r c o i l e d  (3H)-pBR 322-
£  Molecular s i e v i n g  on Sepharose 4B of  compounds re l e a s  
ed a f t e r  a 48-hour chase period by cowpea p r o t o p l a s t s  
incubated as in (A)-
£  Molecular s i e v i n g  on Sepharose 4B o f  DNA present  in 
cowpea p r o t o p l a s t s  a f t e r  a 48-hour chase ( t reatment  as 
in A),  - , o p t i c a l  de n s i t y  at  254 min; o— o,  (^H)-radio  
a c t i v i t y  in p r o t o p l a s t s  t r ea t e d  wi th s u p e r c o i l e d  pBR 
322 ; •— #,  ( 3 h) - r a d i o a c t i v i t y  in p r o t o p l a s t s  t r ea ted  
with DNase I - d i g e s t e d  pBR 322 ( see  Fig.  4C).
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3. Donor DNA in Liposomes
D e t a i l s  concerning the entrapment of  plasmid DNA o f  d i f f e r e n t  MW 
in l e c i t h i n  and 1e c i t h i n / c h o l e s t e r o l  l i posomes  as wel l  as the  
i n t e r a c t i o n s  between the l a t t e r  and p l ant  p r o t o p l a s t s  w i l l  be 
publ i shed e l s ewhere  ( 3 6 ) .  Liposomes have p r e v i o u s l y  been shown 
to be able  to s e q u e s t e r  DNA, to f us e  with or be taken up by c u l ­
tured mammalian c e l l s ,  and f i n a l l y  to r e l e a s e  t h e i r  cont ent s  
i n t r a c e l 1u l a r l y  so as to a l l ow c o r r e c t  t r a n s l a t i o n  of  the f o r e i g n  
message (42 ,  43 ) .  Thus,  they seem to be promis ing c a r r i e r s  for  
the ‘i n t r o d u c t i o n  o f  g e n e t i c  i nf ormat i on  i n t o  p l ant  p r o t o p l a s t s .
Fig.  6 F l uores cence  micrograph of  
l e c i t h i n  l i posomes  loaded 
with an E. coli DNA-ethidium 
bromide complex.
Bar re pr es ent s  2 y.
Fig.  6 shows a f l u o r e s c e n c e  micrograph of  l iposomes c o n t a i n i ng  a 
DNA-ethidium bromide complex.  Such l iposomes were loaded with 
(3H)-pBR 322 and incubated wi th cowpea p r o t o p l a s t s  e i t h e r  in 
Gresshof f -Doy medium alone or in the presence  of  p o l y e t h y l e n e  
g l yco l  6000 in order to promote p r o t o p l a s t  f us i o n  ( 3 2 ) .  Af t er  
45 min. of  i n c u b a t i o n ,  the samples were gradual l y  d i l u t e d  with 
medium, the p r o t o p l a s t s  spun down and e x t e n s i v e l y  washed.
They were then l ysed  (26)  and n u c l e i c  acids  p u r i f i e d  by i ncuba­
t i o n  wi th p r o t e i n a s e  K, phenol e x t r a c t i o n  and ethanol  p r e c i p i ­
t a t i o n  ( 3 6 ) .  Again,  the mol ecul ar  weight  d i s t r i b u t i o n  o f  donor 
DNA a s s o c i a t e d  wi th p r o t o p l a s t s  was analysed by mol ecul ar  s i e v ­
ing on Sepharose 4B.
Fig.  7A re pr es ent s  donor DNA a s s o c i a t e d  wi th p r o t o p l a s t s  a f t e r  
i ncubat i on  of  p r o t o p l a s t s  wi th l i  pos omes wi thout  addi t i on  other  
than c u l t u r e  medium. I t  can be seen that  donor DNA i s  d i s t r i b u t ­
ed between three  f r a c t i o n s  of  h i g h , i n t e r m e d i a t e  and low M.W.
If  PEG 6000 i s  added to the i ncubat i on  medium, the t o t a l  amount 
of plasmid DNA bound to p r o t o p l a s t s  i s  i ncreased  approx.  7 f o l d ,  
the proport i on o f  high M.W. plasmid being much higher than 
in the absence of  PEG 6000 (Fi g .  7B).
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Fig.  7 Molecular s i e v i n g  on Sepharose 4B of  DNA recovered from 
cowpea p r o t o p l a s t s  incubated for  45 min. wi th ( 3 h) - pBR 
322 s eques t er ed  in l i pos omes .  A Incubat ion in Gresshof f  
-Doy medium, J3 Incubat ion in medium plus PEG 6000.
Further experiments  showed t h a t  part  of  t h i s  high MW DNA i s  a s ­
s o c i a t e d  with nuc le i  and c o n s i s t s  of  a maj or i ty of  nicked p l a s ­
mid mol ecul es  t o g e t h e r  with a s i g n i f i c a n t  proport ion of  super-  
c o i l e d  and l i n e a r  mol ecul es  ( 36 ) .
In order to a s s e s s  the b i o l o g i c a l  s i g n i f i c a n c e  of  t h i s  phenom­
enon,  i t  might be of  i n t e r e s t  to determine whether TMV-RNA for  
i ns t a n c e  could be expressed  in tobacco p r o t o p l a s t s  i f  s e q u e s t e r  
ed in l i posomes .
4.  Cons truct i on  of  Vectors  for  Biochemical  Studi es
So f a r ,  uptake s t u d i e s  i n v o l v i n g  s u pe r c o i l e d  DNA as donor were 
l i mi t e d  to b a c t e r i a l  p lasmids .  In order to compare the f a t e  of  
def i ned  s t r e t c h e s  o f  p lant  and b a c t e r i a l  DNA in p l ant  p r o t o ­
p l a s t s ,  i t  was neces sary  to c o n s t r uc t  recombinant  mol ecul ar  
v e c t o r s .  This was done by "shotgun" d i g e s t i o n  of  bar l ey  DNA 
with Bam HI and i n  v i t r o  recombinat ion in the t e t r a c y c l i n e  gene 
of  pBR 313.  E. c o l i  C 600 c l ones  carry i ng  recombinant  plasmids  
were analysed for  the s i z e  of  the i n t e g r a t e d  barl ey DNA p i e c e s .
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d i s t a n c e  ( m m )
Fig.  8 Agarose gel  e l e c t r o p h o r e s i s  o f  pBR 313-bar l ey  DNA re ­
combinant plasmids .  Le f t ,  a n a l y s i s  of  s u pe r c o i l e d  mole­
c u l e s .  Ri ght ,  a n a l y s i s  o f  pBR 322 ( a ) ,  pBR 313 (A) and 
p Hov 5 ( • )  c l eaved with Bam HI, and p Hov 5 c l eaved  
with Hind III  ( o ).
Fig.  8 shows that  most recombinant plasmids contained very small  
s t r e t c h e s  of  bar l ey  DNA ( 0 . 4  Mdal or l e s s )  except  for  the p l a s ­
mid des i gnat ed  p Hov 5,  found to conta i n  an extra p i e ce  of  DNA 
of  about 1.2 Mdal ( t wi c e  the 0.6 Mdal fragment found a f t e r  Bam 
HI d i g e s t i o n  of  pHov 5) .  Fig.  9 shows the scanning of  a negat i ve  
p i c t u r e  of  a 1 % agarose gel  e l e c t r o p h o r e s i s  performed on Bam HI 
c l eaved pBR 313 and pHov5.
Such a recombinant plasmid w i l l  be used in DNA uptake experiments  
with p lant  p r o t o p l a s t s  in order to compare the r e l a t i v e  rates  of  
degradat i on of  i t s  b a c t e r i a l  and plant  mo i e t i e s .  I t  i s  a l s o  pos ­
s i b l e  that  a p a r t i a l  homology between the molecular vec tor  and 
i t s  hos t  DNA might f a c i l i t a t e  i n t e g r a t i o n  of  i t s  het ero l ogous  
part  as was found in the t rans format i on  of  y e a s t  ( 5 ) .
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9 Dens i tometer  t r a c ­
ing o f  an agarose  gel  
e l e c t r o p h o r e s i s  of  
pBR 313 and ov5 
c l eaved wi th Bam HI. 
Gel s t a i n e d  with  
ethidium bromide.
5.  De t e c t i o n  o f  Gene Products
The b i o l o g i c a l  e x pre s s i o n  of  exogenous DNA taken up by p r o t o ­
p l a s t s  can be checked at. the l e v e l  o f  i t s  t r a n s c r i p t i o n  by the  
host  DNA polymerases  and at  that  of  the s y n t h e s i s  and enzymatic  
a c t i v i t y  of  the po l y p e p t i d e s  i t  codes . for.  Trans cr i p t i on  i s  in 
theory e a s i e r  to check f or  e s p e c i a l l y  in the case  of  recombinant  
plasmids o f  low k i n e t i c  compl ex i ty .  These experiments  can be 
performed wi th DNA e x t ra c t ed  from p r o t o p l a s t s  incubated wi th a 
given plasmid DNA and s ubsequent l y  l a be l e d  with ( 3 2 p ) - o r t o p h o s - 
phate.
The r a d i o a c t i v e  DNA can then be hybr id i zed  to the donor DNA e i ­
ther in s o l u t i o n  or t r a n s f e r r e d  to s t r i p s  of  n i t r o c e l l u l o s e  
a f t e r  r e s t r i c t i o n  d i g e s t i o n  and e l e c t r o p h o r e s i s  in agarose ge l s  
(.44).  P o s i t i v e  prel im inary r e s u l t s  us ing s o l u t i o n  h y b r i d i z a t i o n  
and f r a c t i o n a t i o n  o f  RNA : DNA hybrids  on hydroxy 1a p a t i t e  were 
obtained in exper iments  aiming at  the study of  the t r a n s c r i p t i o n  
of  the pTi plasmid from A grobao ter ium  tu m e f a a i e n s  ID 135 taken up 
by cowpea p r o t o p l a s t s  ( 4 5 ) .  However,  t hes e  r e s u l t s  have to be 
confirmed by a more s p e c i f i c  t echni que  such as Sout hern’ s (44)  
before  d e f i n i t i v e  c o n c l u s i o ns  can be made.
Two major d i f f i c u l t i e s  are encountered in t hes e  exper iments :
( i )  in the absence of  s e l e c t i o n ,  i t  i s  d i f f i c u l t  to know what 
proport i on of  the p r o t o p l a s t s  has taken up DNA and how much of
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Fig.  10 Molecular s i e v i n g  on Sepharose 4B of  l abe l ed  n u c l e i c
ac i ds  e x t r a c t e d  from cowpea p r o t o p l a s t s .  A P r o t o p l a s t s  
incubated for  16 hours with 0.1 mCi (3H)-dThd in the 
presence  of  0.01 mM Fdllrd, 6 Pr o t o p l a s t s  incubated
f o r  16 hours with 1 mCi (32p")-orthophosphate  ----- ,
o p t i c a l  d e n s i t y  at  258 nm.
i t  for  how long and ( i i )  the s p e c i f i c  r a d i o a c t i v i t y  of  p r o t o ­
p l a s t  RNA l abe l ed  i n  v i v o  may be too low with re s pe c t  to the  
amount of  f ore i gn  message t ranscr i bed in the p r o t o p l a s t s .  It  i s  
our e xper i ence  that  ( 3H) - ur i d i ne  i s  very i n e f f i c i e n t l y  used by 
cowpea p r o t o p l a s t s  for  nuc l e i c  acids  s y n t h e s i s  (P.F.  Lurquin,
S.T.  Liu and C. I .  Kado, unpubl i shed) .  However,  c l o s e  to 7x106 
cpm can be i ncorporated i n t o  the RNA of  a concentrated suspen­
s i on of  p r o t o p l a s t s  i f  ( 3 2 p ) . orthophosphate i s  added to the  
cu l t u r e  medium devoid of  phosphate (Fi g .  10) .
I f  needed,  high s p e c i f i c  a c t i v i t i e s  can be obtained by l a b e l l i n g  
i n  v i t r o  p r o t o p l a s t  RNA with Na( ’ 25j)  (46) .
These problems can be overcome i f  the donor DNA harbors g e n e t i c  
markers s e l e c t a b l e  at  the p l ant  c e l l  l e v e l .  This seems to be 
the case  of  the A. t u m e f a o i e n s  pTi plasmids which appear to be 
involved in the a b i l i t y  of  crown g a l l  c e l l s  to p r o l i f e r a t e  in 
the abcence of  hormones,  to produce nopal i ne  or oc t opi ne  and 
whose T region i s ' r e p l i c a t e d  and t rans c r i be d  in these  c e l l s  
( 4 7 - 4 9 ) .  Moreover,  such transformed c e l l s  can be produced
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in vitro by i ncubat i ng  re g e n e r a t i n g  tobacco p r o t o p l a s t s  and v i ­
r u l en t  A. tumefaciens c e l l s  ( 50 ) .
There are i n d i c a t i o n s  that  such a phenomenon can a l s o  be o b s e r v ­
ed by t r e a t i n g  f r e s h l y  i s o l a t e d  tobacco p r o t o p l a s t s  wi th pTi 
from A tumefaoiens B6 S3 at  high pH in the presence  of  CaCl2 as 
des cr i bed  above.  Others have reported s i m i l a r  o bs e r v a t i o n s  by 
t r e a t i n g  Petunia p r o t o p l a s t s  with pTi complexed with p o l y - L- o r -  
n i t h i n e  ( 5 1 ) .  Although l y s o p i n e  dehydrogenase a c t i v i t y  has been 
observed in some of  t he s e  "transformed" c l o n e s ,  i t  remains to 
be demonstrated that  at  l e a s t  part  of  the pTi DNA i s  present  
and t r a ns c r i be d  in t hes e  c l o n e s .
CONCLUSIONS
Thére i s  good ev i dence  that  higher p l ant  p r o t o p l a s t s  can take  
up DNA (15 ,  26,  27,  41,  52,  56 and t h i s  s t u d y ) .  However,  the  
s t a b i l i t y  of  the donor DNA in the medium and that  o f  DNA bound 
to p r o t o p l a s t s  c r i t i c a l l y  depends on the c o n f i g u a t i o n  of  the  
donor DNA and the c o n d i t i o n s  o f  i nc ub a t i o n .  Al s o ,  c i rcums t an­
t i a l  ev i dence  i n d i c a t e s  t ha t  plasmid DNA from v i r u l e n t  A. tume­
faoiens might be expressed  in p r o t o p l a s t s  t r e a t e d  under c o n d i ­
t i o n s  known to enhance DNA uptake.  These o b s e r v a t i o n s  a l t o g e t h e r  
s t r o n g l y  s u g g e s t  t ha t  the g e n e t i c  manipulat ion of  p l ant s  at  the 
c e l l u l a r  l e v e l  might soon become a r e a l i t y .
A l t e r n a t i v e  routes  to p l ant  g e n e t i c  eng i ne er i ng  do e x i s t .  For 
i n s t a n c e ,  i t  was shown that  E. ooli Tn 7 DNA i n s e r t e d  wi th i n  
the A . tumefaoiens pTi T37 plasmid could be d e t e c t e d  in tobacco  
crown g a l l  tumors induced by b a c t e r i a  carry i ng  t h i s  plasmid (49 ) .  
Thus,  t h i s  t echni que  i s  t h e o r e t i c a l l y  a p p l i c a b l e  to a very large 
v a r i e t y  o f  d i c o t y l edo no us  p l a n t s .
Another approach y e t  c o n s i s t s  in t r e a t i n g  dry seeds  wi th concen­
t r a t ed  DNA s o l u t i o n s ,  a t echni que  l ead i ng  to high uptake values  
( 5 7 ) .  Furthermore,  i t  was reported that  seeds  from Arabidopsis 
thaliana thiamine mutants t r ea t e d  with DNA harboring f un c t i o n a l  
thiamine genes y i e l d e d  p l ant s  seemi ngl y  corrected f or  t h e i r  t h i ­
amine d e f i c i e n c y  ( 5 8 ) .  Obvi ous l y ,  the two techni ques  mentioned 
above do not present  some of  the drawbacks a s s o c i a t e d  with plant  
p r o t o p l a s t s  such as d i f f i c u l t i e s  to r egenerat e  c a l l u s  t i s s u e s  
or green p l a n t s .  However,  they p os s e s s  d i sadvantages  of  t h e i r  
own such as the r e l a t i v e l y  low number o f  i nd i v i du a l s  which can 
be handled in one experiment  and much l e s s  f l e x i b l e  con d i t i o ns  
of  t reatment  with donor genes .  More work i s  needed to determine  
the actual  a p p l i c a b i l i t y  of  t he s e  d i f f e r e n t  approaches .
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GENETIC MODIFICATION OF PLANT CELLS BY TRANSFORMATION 
AND SOMATIC HYBRIDIZATION
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I. INTRODUCTION
There i s  general  agreement that  the introduction of  f ore i gn  genes  
i n t o  the plant  genome would be of  importance to mol ecul ar  b i o ­
l o g i c a l  s t u d i e s  with p lant  c e l l s .  I f  c e r t a i n  genes could be 
s t a b l y  maintained and expre s s ed ,  one could s t udy ,  for  i n s t a n c e ,  
how t h e i r  a c t i v i t y  i s  r e g u l a t e d ,  in order to know more about the  
mechanisms i nvolved in r e g u l a t i o n  o f  genome a c t i v i t y  in eukary­
o t e s .  From an agronomical  po i nt  of  view,  g e n e t i c  t rans format i on  
of  plant  c e l l s  could be used as a technique to improve p l ant s  by 
i ncorporat i on  of  c e r t a i n  ( f avour abl e )  new ch a r a c t e r s .  Unt i l  now, 
a reproduci b l e  procedure for  t rans format i on  of  p l ant  c e l l s  has 
not been found.  In deve l opi ng  systems for  the g e n e t i c  mo d i f i c a ­
t i on  o f  p l a n t s ,  at  l e a s t  two approaches can,  in p r i n c i p l e ,  be 
fo 11 owed.
The f i r s t  i s  to fuse  c e l l s  wi th d i f f e r e n t  p r o p e r t i e s ,  us ing the 
t echnique o f  somatic c e l l  h y b r i d i z a t i o n .  This a l l ows  the study  
of  nuclear and cytopl asmi c  genome i n t e r a c t i o n s  and may l ead to 
the c r e a t i o n  of  new s p e c i e s  from the somatic hybrid c e l l s  (1 ,  2) 
The second approach i s  to make use of  i s o l a t e d  DNA for  the i n t ro  
duct ion o f  new genes in p l ant  c e l l s .
During the l a s t  few years  i t  has become c l e a r  that  the i nduct i on  
of  the p l ant  tumour Crown Gall  by Ag ro b a c ter iu m  t u m e f a o i e n s  i s  a 
natural  example of  g e n e t i c  t rans format i on  ( 3 , 4 , 5 ) .  I t  i s  a v a l u ­
able  model to s t udy ,  in order to determine requirements  at  the  
molecular  l e v e l  to transform plant  c e l l s  ( 6 ) .  Moreover,  Crown 
Gall c e l l s  are very useful  in the study of  the n e o p l a s t i c  co n d i ­
t i o n  o f  tumour t i s s u e  in r e l a t i o n  to mechanisms c o n t r o l l i n g  c e l l  
d i f f e r e n t i a t i o n  ( 7 ) .
II .  THE CROWN GALL DISEASE
1. General
The Crown Gall  tumour i s  ch a r a c t e r i z e d  by n o n - s e l f - l i m i t i n g  c e l l  
p r o l i f e r a t i o n .  I t  a r i s e s  when A. t u m e f a c i e n s  i n f e c t s  wound s i t e s
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Only d i c o t y l edo no us  p l ant s  appear to be s u s c e p t i b l e .  During i n ­
f e c t i o n  A. t u m e f a o i e n s  c e l l s  pene t r a t e  the i n t e r c e l l u l a r  spaces  
and i njured c e l l s ,  from which they transform adjacent  c e l l s .
The b a c t e r i a  do not p e n e t r a t e  the p l ant  c e l l s  which are c o n v e r t ­
ed to tumour c e l l s .  An at tachment  of  the b a c t e r i a  to the p lant  
c e l l  wal l  appears to be e s s e n t i a l  f or  tumour i nd u c t i o n .  I t  has 
been p o s t u l a t e d  that  t r ans mi s s i on  of  a tumour inducing p r i n c i p l e  
can take p lace  through the connect ion  of  the bacterium wi th the 
pl ant  c e l l  ( 8 ) .  On Kalanchoe stems the whole process  of  tumour 
i nduct i on  i s  completed in 20 hours ( 9 ) .  Presumably,  cells are 
transformed be f or e  they i n i t i a t e  c e l l  d i v i s i o n  i f  t h i s  i s  t r i g ­
gered by wounding.  Af t er  the tumour i nduc t i on  has taken p l a c e ,  
the cont i nued presence  of  v i a b l e  b a c t e r i a  i s  not required for  
tumour growth.
Crown Gall  c e l l s  acquire  a number of  s t a b l y  i n h e r i t e d  new pro­
p e r t i e s .  The most remarkable are:
1. Phytohormone independent  growth in t i s s u e  c u l t u r e ,  whereas  
normal c e l l s  need t h e s e  phytohormones for  cont inuous  growth.
2. The c a p a c i t y  to develop i nt o  a phe not ypi ca 1 l y iden t i  ca 1 tumour 
when graf t ed  onto a hea l thy  p l ant .
3.  The c a p a c i t y  o f  many, but not a l l ,  types o f  Crown Gal l s  to 
s y n t h e s i z e  one of  two types  of  unusual amino acid d e r i v a t ­
i v e s .  One type produces o c t o p i n e ,  octopini  c acid , l y s o p i ne  
and histopine ( 1 0 ) ,  whereas the other  type produces nopal i ne  
and nopal i ne  acid ( o r n a l i n e )  ( 1 1 ) .  Crown Gall  c e l l s  cont i nue  
the s y n t h e s i s  o f  unusual amino acid d e r i v a t i v e s  in t i s s u e  
c u l t u r e  and even when shoot s  ( 6 ,  12) or complete p l ant s  are 
regenerated (13 ) .
The type of  unusual  amino acid d e r i v a t i v e  s y n t h e s i z e d  depends 
on the b a c t e r i a l  s t r a i n  used for  tumour i nduc t i on  and i s  not  
s p e c i f i e d  by the host  p lant  ( 14,  15,  16) .  Although some c o n t r o ­
versy e x i s t e d  (17 ,  18) i t  i s  now wel l  documented that  t he s e  com­
pounds are tumour s p e c i f i c ,  i . e .  they have not been d e t e c t e d  in 
normal t i s s u e ,  n e i t h e r  in t i s s u e  c u l t u r e ,  nor in p l ant s  at  d i f ­
f e r e n t  s t a g e s  o f  development (15 ,  16,  19, 20) .  One t i s s u e  l i n e ,  
thought  to have been deri ved from a normal c a l l u s  which had be ­
come phytohormone independent  in c u l t u r e  ( h a b i t ua t ed)  a l s o  con­
ta i ned o c t o p i n e .  Re cent l y ,  i t  was demonstrated that  t h i s  t i s s u e  
l i n e  was a Crown Gall  l i n e  ( 21) .
Cons i deri ng the morphology of  Crown Gal l s  induced by wi ld type 
A. t u m e f a o i e n s  s t r a i n s  on Kalanchoe stems we observed that  a l l  
s t r a i n s  could be subdivided in three c l a s s e s  (19 ,  22) .  These 
are those  which induce tumours wi th a rough s ur f ac e  and many 
a d v e n t i t i o u s  root s  surrounding the tumour,  those  which g i ve  r i s e  
to tumours wi th a smooth s ur face  and a number of  f irm root s  that  
develop from the lower s i de  of  the tumour and those  which i n ­
duce small  tumours wi th a rough s ur f a c e  and almost  no root s .
The tumours of  the f i r s t  type always conta i n  o c t o p i ne  ( o c t o p i ne  
type tumours) and those  of  the second type conta i n  nopal i ne  
( nopa l i ne  type tumours) ,  whereas the tumours of  the t h i rd  type 
do not conta i n  known t u mo u r - s p e c i f i c  amino acid d e r i v a t i v e s  
(nul l  - t y p e  tumours) .  I t  cannot  y e t  be exc luded that  "nul l - type"  
tumours do conta i n  amino acid d e r i v a t i v e s  d i f f e r e n t  from the
WULLEMS ET AL.
408
GENETIC MODIFICATION OF PLANT CELLS 
compounds of  the octopi ne  and nopal ine  fami l y .  Bacter i a  that  
induce oc t opi ne  tumours are able to u t i l i z e  compounds of  the 
oc t opi ne  fami l y  as n i t r o g e n-  or carbon source but not nopal i ne .  
Bacter i a  that  induce nopal ine  tumours can only use compounds of  
the nopal i ne  fami l y  as N- or C-source.  Nu l l - t ype  tumours are i n ­
duced by b a c t e r i a  which cannot c a t a b o l i s e  compounds of  the o c ­
topi ne  or nopal i ne  fami l y .  A few exc ept i ona l  s t r a i n s  e x i s t  that  
c a t a b o l i s e  nopal i ne  but induce smooth type tumours wi thout  no­
p a l i ne  and there  are a v i r u l e n t  A g r o b a c t e r i a  which can u t i l i z e  
o c t o p i ne .  The s t r i c t  c o r r e l a t i o n  between bacter i um- type  and 
tumour-type s ug g es t s  that  the b a c t e r i a  carry genes which in a 
d i f f e r e n t  way determine the f i n a l  outcome of  the t rans format i on  
proces s .  These genes are l ocated  on a l arge  plasmid in A. tume-  
f a c i e n s  c e l l s ,  c a l l e d  the T i - p l a s mi d ,  which i s  r e s p o n s i b l e  for  
oncogeni c i  t y .
2. Ti -Plasmids
Each A. t u m e f a c i e n s  c e l l  harbours one or more l arge  plasmids .
One of  these  extr-achromosomal DNA e l e me n t s ,  the Ti - p l a s mi d ,  
c a r r i e s  genes which are e s s e n t i a l  for  i t s  oncogenic  capac i t y  
(16,  23,  24) .  Large plasmids have a l s o  been de tec t ed  in s evera l  
non-oncogenic  A. r a d i o b a c t e r  s t r a i n s  (25)  and in Rh izob ium  ( 26) .  
Rhizobia are c l o s e l y  re l a t ed  to Agrobacter ia  and induce symbio­
t i c  ni t rogen f i x a t i o n  on Leguminous p l a n t s .
The Ti -pl asmi ds  present  in A. t u m e f a c i e n s  carry the g e n e t i c  i n ­
formation for:
1. O n c o g e n i c i t y ,
2.  Tumour morphology,
3.  Synt he s i s  o f  e i t h e r  oct opi ne  or nopal i ne  in 
Crown Gall  c e l l s ,
4.  The s p e c i f i c i t y  and a c t i v i t y  of  an enzyme system 
for  oc t opi ne  or nopal i ne  u t i l i s a t i o n .
5. A bacterium - bacterium co n j u g a t i v e  mechanism 
( t r a - g é n e s ).
3.  T-DNA
Both oncog. enic i ty and the s y n t h e s i s  o f  one of  the unusual amino 
acid d e r i v a t i v e s  in Crown Gall  c e l l s  are an expre s s i o n  of  the  
presence  of  a fragment of  the Ti -pl asmi d in t hes e  t i s s u e s ( 2 7 ) .  
This fragment ,  which i s  not n e c e s s a r i l y  of  the same s i z e  in d i f ­
f e r e n t  Crown Gall  c a l l u s  t i s s u e s  and i s  i n t e g r a t e d  in the host  
genome ( 4 7 ) ,  i s  c a l l e d  the T-DNA. I t  i s  not y e t  known whether  
the complete' Ti -pl asmi d i s  t r a ns f e r r e d  and processed in the plant  
c e l l s  or whether only a fragment ,  produced in the bacter ium,  i s  
t r ans f e r r e d  to the p lant  c e l l s .  I t  i s  a l s o  not known whether the 
T-DNA i s  i n t e g r a t e d  in the p lant  c e l l  nuc l eus .  From c e l l  f us i on  
ex per i ment s ,  however,  i t  i s  i nd i c a t e d  that  at l e a s t  that  part  
of  the T-DNA, r e s p o n s i b l e  f or  LpDH a c t i v i t y  and hormone i nd e ­
pendent growth i s  l oca ted  in the nucleus ( 7 ) .  Whether the T-DNA 
i s  i n t e g r a t e d  on a s p e c i f i c  s i t e  or on d i f f e r e n t  s i t e s  in the
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genome i s  a l s o  an open q u e s t i o n .  I t  i s  a l s o  not  known whether the  
T-DNA i s  i n t e g r a t e d  as one DNA-fragment or as a number of  f r a g ­
ments.  At l e a s t  part  of  the T-DNA has been shown to be t r a n s c r i b ­
ed i n t o  RNA in tumour c e l l s  ( 2 8 ) .  Since some of  t h i s  RNA conta i ns  
poly A, we can conclude that  T-DNA t r a n s c r i p t s  are under an eu­
ka ry o t i c  contro l  system and might have a mRNA f unc t i o n  ( 29) .  
Whether the RNA i s  a l s o  t r ans c r i be d  i n t o  prot e i n  i s  not y e t  known.  
I f  i t  i s  t r a n s l a t e d ,  p o s s i b l e  candi date s  f or  t;he pro t e i n  produced 
are the enzymes l y s o p i n e  dehydrogenase (LpDH) and nopal irie dehyd­
rogenase (NpDH), which c a t a l y s e  the s y n t h e s i s  of  compounds of  
the oc t opi ne  fami l y  and the nopal i ne  f a mi l y ,  r e s p e c t i v e l y .
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I I I .  CROWN GALL INDUCTION
1. Crown Gall  Tumours Induced In Vivo by A, tumefaciens Mutants
To e s t a b l i s h  the p o s i t i o n s ,  number and charac t er  of  genes on 
T-DNA which are r e s p o n s i b l e  for  i n t e g r a t i o n ,  phytohormone a u t o ­
t rophy,  r e g u l a t i o n  of  the regenerat i on  c a p a c i t y  of  the tumour 
c e l l s  and s y n t h e s i s  o f  LpDH or NpDH, plasmid mutants are r e ­
qui red.  Therefore  transposon i n s e r t i o n  mutants and d e l e t i o n  mu­
t a nt s  of  A. tumefaciens have been used in t rans format i on  e x p e r i ­
ments in vivo with Kalanchoe,  tomato,  patuni a ,  and tobacco as 
wel l  as in t rans f ormat i on  experiments  in vitro with i s o l a t e d  t o ­
bacco p r o t o p l a s t s .  Several  mutants wi th transposon i n s e r t i o n s  or 
with d e l e t i o n s  in or near the h i gh l y  conserved region of  the T~ 
-DNA have been i s o l a t e d  (30,  31,  32,  33) .  These mutants gave 
tumours in vivo with a s trongly a l t ered phenotype.  Transposons  
are e s p e c i a l l y  s u i t a b l e  for  t h i s  purpose as there are methods to 
s e l e c t  for  t h e i r  presence  in the plasmid.  Transposons i n a c t i v a t e  
the gene i n t o  which they are i n s e r t e d  and can have a polar  e f f e c t  
on nei ghbouring genes .  Pr o pe r t i e s  of  some of  the mutant s t r a i n s  
are summarized in Table 1.
The mutat ions  in the three  s t r a i n s  LBA 4018,  LBA 4210 and LBA 
4060 had occurred in a DNA region that  i s  h i gh l y  conserved in 
a l l  three types  o f  Ti -pl asmi ds  and which i s  p a r t i a l l y  or compl et ­
e l y  inc luded in the T-DNA (48)  (Fi g .  1) .  The mutant LBA 4210 i n ­
duced both on stems of  Kalanchoe diagremontiana and Nicotiana 
tabacum cv.  P e t i t  Havana tumours with e x c e s s i v e  root  formation  
at the base of  the tumour. The mutant LBA 4060 induced on stems  
of  both t hese  p l ant s  tumours wi th t eratomata format ion.  These 
t e ra t omat a ,  in the case  of  Kalanochoe,  arose  above the tumour,  
and in the case  of  the tobacc o ,  arose  on the upper part  o f  the  
tumour.  (Fi g .  2) Pre l iminary  experiments  (32)  in which Kalan­
choe stems were i n f e c t e d  wi th a mixture of  both the LBA 4210 
and LBA 4060 have r e s u l t e d  in tumour formation comparable with 
a tumour induced by the wi ld type A. tumefaciens ( 3 2 ) .  This 
s u g g e s t s  t ha t  complementat ion of  the i n s e r t i o n  mutat ions  pres ent  
in these  b a c t e r i a l  s t r a i n s  occurs l ead i ng  to the development of  
a "wild type" tumour. The r e s u l t s  obtained are i n d i c a t i v e  of  an 
a c t i v e  ro l e  f or  the Ti -pl asmi d DNA in the contro l  o f  phytohormone 
l e v e l s  in the p lant  tumour c e l l s .  I t  i s  wel l  known that  the de ­
velopment of  root s  or shoot s  by p lant  t i s s u e  in cu l t u r e  i s  re-
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TABLE 1 Characteristics of Agrobacterium tumefaciens strains use d  in transformation of N . t w  
bacum protoplasts in vitro
V i r u l e n c e A m i n o  a c i d T u m o u r  m o r p h o l o g y
S t r a i n P l a s m i d  m  v i t r o
o n  p r o t o p l a s t s
d e r i v a t i  v e  
i n  t u m o u r On  N. t a b a c u m  
s R l
p r o t o p l a s t s
On N. t a b a c u m  
s R l  
s  t e r n s
O n  K a l a n c h o e  
s t e m s
O n  N, t abacum 
W h i t e  B u r l e y  
s t e m s
R e f
L BA 4 0 1  1 n o n e - - - - - _ ( 3 3 )
LBA 4 0 0 1
w i l d  t y p e  
A c h - 5
+ o  c  t  o  p  i  n e o c t . t u m o u r o c t . t u m o u r o c t .  t u m o u r o c t .  t u m o u r ( 4 5 )
LBA 4 0 1 3
p AL 1 0 2  
f r o m  A c h - 5
+ o c t o p i  n e
o c t . t u m o u r  
w i t h  t e r a t o m a t a
o c t . t u m o u r o c t .  t u m o u r o c t .  t u m o u r ( 4 5 )
LBA 4 0 5 8
p A L  8 3 7 4  
f r o m  T 3 7
+ n o p a 1 i n e n o p . t u m o u r  
w i t h  t e r a t o m a t a
n o p  
w i  t h
. t u m o u r  
t e r a t o m a t a
n o p .  t u m o u r n o t  t e s t e d ( 2 2 )
LBA 4 0 5 7
p AL  6 7 2  
c o i  n t e g r a t e  
o f  o c t .  a n d  
n o p . p i a s m i  d
+ o c t o p i  n e  
+ n o p a 1 i n e
n o p . t u m o u r  
w i t h  t e r a t o m a t a
n o p  
w i  t h
. t u m o u r  
t e r a t o m a t a
n o p .  t u m o u r n o t  t e s t e d ( 2 2 )
LBA 4 0 6 0
p AL  1 0 8  
i n s e r t i o n  o f  
l e f t  p a r t  o f  
T - D N A
+ o c t o p i  n e o c t . t u m o u r
o c t
w i t h
. t u m o u r  
t e r a t o m a t a
o c t .  t u m o u r  
w i t h  t e r a t o m a t a
s m a l l  o c t . 
t u m o u r
( 4 5 .
3 2 )
LBA 4 2 1 0
p A L  2 8 8  
i n s e r t i  o n  o f  
m i d d l e  p a r t  
o f  T - D N A
+ o c t o p i  n e
o c t . t u m o u r  
w i t h  r o o t s
o c t  
w i  t h
. t u m o u r  
e x c e s s  i v e  
r o o t s
o c t .  t u m o u r  
w i t h  e x c e s s i v e  
r o o t s
s m a l l  o c t .  
t u m o u r
( 3 1  , 
4 5 )
LBA 4 0 1 8
p AL  1 0 5  
d e l e t i o n  o f  
r i g h t  p a r t  
o f  T - D N A
+ - n o t  t e s t e d n o t u m o u r s m a l l  o c t . 
t u m o u  r
n o  t u m o u r
( 3 0 ,
4 5 )
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gulated by the balance between auxins and cy t o k i n i ns  in the c e l l s .  
Tumours induced by LBA 4210 are expec ted to conta i n  a r e l a t i v e l y  
high l e v e l  of  a u x i n - l i k e  hormones,  r e s u l t i n g  in e x t e n s i v e  root  
format i on ,  whereas tumours induced by LBA 4060 presumably con­
t a i n  a high l e v e l  of  c y t o k i n i n s ,  r e s u l t i n g  in shoot  format ion.
A more d e t a i l e d  d e s c r i p t i o n  o f  t hes e  obs ervat i ons  wi l l  be pub­
l i s h e d  e l sewhere  (32 ) .
Fig.  1 Schematic r e p r e s e n t a t i o n  of  the oc t opi ne  Ti -plasmid
The pAL numbers re pr es ent  the p o s i t i o n  of  the i n s e r t i o n s  (V, 
pAL 108 and 228) and the d e l e t i o n  (-—*, pAL 105) .  The dot ted  
l i n e s  i n d i c a t e  that  the accurate  e n d po i n t s o f  the T-region and 
the common sequence are not known (48) .
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Fig.  2 Induct ion of  tumours on N. tabacum cv.  P é t i t  Ha­
vana (SRI) by some A . t u m e f a a i e n s  mutants a f t e r  
6 weeks.
2.  Transformation of  Tobacco P r o t o p l a s t s  by A. t u m e f a c i e n s
Crown Gall  induct i on  i n  v i v o  is the r e s u l t  o f  t rans format i on of  
plant  c e l l s  by v i r u l e n t  A. t u m e f a c i e n s . Wounding of  the plant  
has been found to be e s s e n t i a l  for  tumour format ion.  This causes  
d e d i f f e r e n t i a t i o n  o f  c e l l s ,  a f t e r  which t rans format i on can occur  
l eadi ng  to unl i mi ted c e l l  p r o l i f e r a t i o n  and the development of  
a p lant  tumour at  the s i t e  of  i n f e c t i o n .  The development of  a 
procedure to achi eve  i n  v i t r o  tumour i nduc t i on  us ing i s o l a t e d  
p r o t o p l a s t s  w i l l  help to e l u c i d a t e  the i n i t i a l  proces s es  that  
take p lace  during tumour i nduct i on  and development.  I t  a l s o  may 
help to c l a r i f y  the actual  ro l e  of  the T-DNA using A. t u m e f a c i ­
en s Ti -pl asmi d mutants in i n  v i t r o  t rans format i on  exper iments .
The procedure des cr i bed  here i nv o l v e s  the i ncubat i on  of  three -  
- day- o l d  p r o t o p l a s t s  from a s t reptomyci n r e s i s t a n t  s t r a i n  of  
N. tab acum (SRI) wi th d i f f e r e n t  s t r a i n s  of  A. t u m e f a c i e n s .  
S e l e c t i o n  of  transformed c e l l s  a g a i n s t  normal SRI c e l l s  was 
based on the hormone independent  growth of  Crown Gall  c e l l s  and 
on the s t reptomyci n r e s i s t a n c e  of  the SRI c e l l s .  D e t a i l s  of  the 
procedures  for  t r a ns f o r ma t i o n ,  s e l e c t i o n  and c h a r a c t e r i z a t i o n  
of  transformants  are descr i bed e l sewhere  ( 6 ) .
The r e s u l t s  of  t rans format i on  with d i f f e r e n t  v i r u l e n t  and av i -  
r u l e n t  b a c t e r i a l  s t r a i n s  i s  a l s o  shown in Table 1. I t  can be 
concluded that  t rans format i on  of  the c e l l s  occ ur s ,  both with 
oc t opi ne  type and with nopal ine type A. t u m e f a c i e n s . The tumour 
s p e c i f i c  enzymes LpDH or NpDH are present  in r e s p e c t i v e l y  60 and 
10 % of  the i s o l a t e d  c o l o n i e s .
4 1 3
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TABLE 2 Frequency o f  t rans f ormat i on  f o l l o w i n g  i ncubat i on  of
E i o o t i a n a  tabaaum SRI p r o t o p l a s t s  wi th a VI r u l ent
s t r a i n of  A g r o b a c t e r i u m  t u m e f a c i e n s
Frequency of  
co l oni  es
Bacteri  a / 10^ 
protopl as  ts
P l a t e s  w i t h / P l a t e s *  
c o l o n i e s  seeded
Number of  
c o l o n i e s
0 0/4 0 0
3 x 105 0/4 0 0
6 x 105 1/4 1 25 X i o ' 6
12.5 x 105 4/4 20 5 X i o ' 4
25 x 105 4/4 50 12 . 5 x 1 0 ' 4
50 x 105 4/ 4 c.  400 1 X TO*2
100 x 105 4/ 4 c. 400 1 X 10‘ 2
* One p l a t e
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was seeded with 10 c e l l  c lumps.
The frequency o f  t rans format i on  depends on the b a c t e r i a l  s t r a i n
(6) and on the r a t i o  between b a c t e r i a  and SRI c e l l s  as i s  shown 
in Table 2. I t  was found t hat  the t rans format i on  frequency i n ­
creased upto a r a t i o  o f  b a c t e r i a  to p l ant  c e l l s  o f  50 to 1. At 
t h i s  po i nt  a s a t u r a t i o n  l e v e l  i s  reached.
An accurate  e s t i m a t i o n  of  the t rans format i on  frequency i s  ham­
pered by the obs erv a t i o n  t h a t ,  a f t e r  a d d i t i o n  of  the b a c t e r i a  
to the c e l l s ,  the c e l l s  a g g l u t i n a t e  wi t h i n  a period of  approxi ­
mately f i v e  hours ,  depending on the b a c t e r i a l  s t r a i n .  This ag­
g l u t i n a t i o n  may be the r e s u l t  of  attachment  of  the b a c t e r i a  to  
the p l ant  c e l l s .  Attachment of  A. t u m e f a a i e n s to plant  c e l l s  i s  
descr i bed by a number of  authors (34 ,  35) and i s  a l s o  shown in 
Fig.  3.
Tobacco c e l l s  a g g l u t i n a t e  more qui ck l y  when incubated with v i ­
r u l en t  Ti -pl asmi d c o nt a i n i ng  A. t u m e f a a i e n s  s t r a i n s  than when 
incubated wi th a v i r u l e n t  s t r a i n s .  On the o ther  hand,  normal t o ­
bacco c e l l s  a g g l u t i n a t e  more than Crown Gall  c e l l s  when i n ­
cubated with a v i r u l e n t  s t r a i n .  I t  i s  c l e a r  t hat  both the bac­
t e r i a l  s t r a i n  and the p l ant  c e l l  determine whether and how much 
a g g l u t i n a t i o n  takes  p l a c e .
The obs ervat i on  of  a s a t u r a t i o n  l e v e l  in the t rans format i on  
frequency may be e xp l a i ne d  by the proposal  t ha t  f or  t rans forma­
t i on  o f  s i n g l e  c e l l s ,  at tachment  o f  the bacterium to the p lant  
c e l l s  i s  a p r e r e q u i s i t e .  Taking i n t o  account  that  the majori ty  
of  the b a c t e r i a  do not take part  in the t rans format i on  p r o c e s s ,  
because they a l s o  clump and at tach to dead c e l l s  and c e l l  deb­
r i s ,  the e f f e c t i v e  at tachment  i s  presumably l i mi t e d  to a c e r ­
t a i n  number of  s p e c i f i c  at tachment  s i t e s  on the s ur f a c e  of  the  
pl ant  c e l l s .  When a l l  t hes e  s i t e s  are occupi ed ,  the s a t u r a t i o n  
l e v e l  i s  reached.  Although the at tachment  of  the b a c t e r i a  to
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Fig.  3 Pha s e - c o nt ra s t  photomicrograph of  normal N. tabaoum SRI 
c e l l s  ( 105 c e l l s  per ml) and A. t u m e f a c i e n s  s t r a i n  LBA 
4013 ( 1 0 7 per ml) a f t e r  i ncubat i on  toge t her  in cu l t ure  
for  5 hours.  Attachment of  the b a c t e r i a  to the c e l l  wal l  
i s  i nd i c a t e d  by arrows.
the c e l l s ,  r e s u l t i n g  in clumping of  the c e l l s ,  i s  an i n t e r e s t ­
ing as pec t  of  the i n i t i a l  process  of  tumour i nd u c t i o n ,  i t  ham­
pers the e f f o r t s  to transform s i n g l e  c e l l s  and to f o l l ow the  
s i n g l e  c e l l s  in t h e i r  development to pure transformed c l o n e s .
As shown in Table 1,  t rans format i on  i n  v i t r o  has been obtained  
with bacteria' !  s t r a i n s  with an o c t opi ne  plasmid and with a 
s t r a i n  cont a i n i ng  a nopal ine  plasmid.  Hormone independent  c a l l i  
have a l s o  been i s o l a t e d  f o l l o wi n g  t rans format i on  wi th a b a c t e r i ­
al s t r a i n  in which a c o - i n t e g r a t e  plasmid,  c o n s i s t i n g  of  an oc ­
topi ne  and a nopal i ne  plasmid,  i s  present  (LBA 4057) ( 2 2 ) .  In 
Crown Gall  tumours,  induced i n  v i v o  on a tobacco p lant  with 
LBA 4057,  the enzyme NpDH, c a t a l y z i n g  the s y n t h e s i s  of  nopa l i ne ,  
was d e t e c t e d  immediately in c a l l u s  t i s s u e  obtained a f t e r  cu l t u r e  
of  tumour t i s s u e ,  whereas the enzyme LpDH was only found a f t e r  
two subc ul t ure s  (two months) .  However,  i n  v i t r o  t rans format i on  
with LBA 4057 has y i e l d e d  transformants  in which only the en­
zyme NpDH has been found so far .  Whether a l s o  the enzyme LpDH 
w i l l  be expressed has to be seen a f t e r  another two months in 
t i s s u e  c u l t u r e .  Whether the LBA 4057 tumours c o n s i s t  o f  a mixed 
popul at i on  o f  oc t opi ne  c e l l s  and nopal i ne  c e l l s ,  or whether they 
c o n s i s t  of  c e l l s  in which fragments o f  both plasmids  are p re ­
sent  i s  not y e t  known. This w i l l  be i n v e s t i g a t e d  by c l on i ng  the 
tumours through i s o l a t i o n  and cu l t ure  of  p r o t o p l a s t s .
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From t rans f ormat i on  experiments  wi th the o c t o p i ne  bacterium LBA 
4001 two c o l o n i e s  have been obtai ned which have l o s t  t h e i r  hor­
mone indepedendent  charac t er  a f t e r  two s ubc ul t ure s  on hormone-  
- f r e e  medium. In t hes e  c a l l i ,  which are now kept on a hormone 
c o n t a i n i ng  medium, the enzyme LpDH i s  s t i l l  p r e s e nt .  From the  
t rans f ormat i on  exper i ment s ,  c o l o n i e s  have a l s o  been i s o l a t e d  on 
phytohormone- free  medium in which no LpDH could be d e t e c t e d .
Af t er  a few p a s s a g e s ,  t h e s e  c a l l i  had to be cu l t ured  on hormone 
c o n t a i n i ng  medium. Concerning the p r o p e r t i e s  descr i bed here ,  
t h e s e  t i s s u e s  now behave l i ke  contro l  SRI c a l l u s  t i s s u e s .
A p o s s i b l e  e x p l a na t i o n  f or  the l o s s  o f  hormone independent  growth 
whereas the LpDH a c t i v i t y  remains pres ent  during s ubc ul t ure  i s  
s e g r e g a t i o n  or complete l o s s  of  T-DNA genes .  A s i m i l a r  l o s s  of  
tumour markers has not been observed in tumour t i s s u e s  obtained  
on SRI p l ant s  a f t e r  tumour i nduc t i o n  i n  v i v o  wi th the same bac-  
t e r i  al s t r a i  n s .
Cal lus  t i s s u e s ,  obta i ned a f t e r  t r ans format i on  wi th LBA 4013 and 
with LBA 4058 developed shoots  on hormone- free c u l t u r e  medium.
The shoots  are c h a r a c t e r i z e d  by an e x t e n s i v e  format ion of  a x i l ­
l ary s h o o t s ,  by the absence of  root s  and by the presence  of  the  
tumour s p e c i f i c  enzyme LpDH or NpDH, r e s p e c t i v e l y .
3. Transformat ion of  Tobacco Pr o t o p l a s t s  by I s o l a t e d  Ti -Plasmid  
DNA from A. t u m e f a c i e n s
Although i t  i s  p o s s i b l e  to transform plant  c e l l s  by i ncubat i on  
with b a c t e r i a  there  i s  always the problem,  with t h i s  procedure ,  
of  k i l l i n g  the b a c t e r i a  af t erwards .  On the other  hand,  b a c t e r i ­
al induced t rans f ormat i on  g i v e s  no answer to the que s t i o n  wheth­
er Ti -pl asmi d DNA alone i s  s u f f i c i e n t  to induce tumours.  In the  
plasmid t rans format i on  experiments  N. tabacum  SRI p r o t o p l a s t s  
were used as r e c i p i e n t s .  Table 3 g i v e s  a summary of  the d i f f e r e n t  
treatments and the r e s u l t s  obta i ned.
Only the Ca/high pH method has given a p o s i t i v e  r e s u l t .  This  
method was o r i g i n a l l y  used by Kel l er  and Melchers (37)  f or  pro­
t o p l a s t  f u s i o n .  In the trans  formati  on experi  ments,  i t  invol ved  
the i ncubat i on  of  about 10^ p r o t o p l a s t s  in 3 ml Ca/high pH s o ­
l u t i o n  c o n t a i n i ng  10 ug/ml DNA. Af t er  the i n c u b a t i o n ,  the pro­
t o p l a s t s  were washed and cu l tured  in hormone c o nt a i n i ng  medium.  
The hormone c o n c e nt r a t i o n s  used were d i f f e r e n t  from those  r e ­
quired for  c u l t u r e  of  normal SRI p r o t o p l a s t s  ( 3 8 ) .  When normal 
SRI c e l l s  are grown on t hes e  hormone c o n c e nt r a t i o n s  they do 
d i v i d e ,  but upon t r a n s f e r  to hormone- free medium d i v i s i o n  im­
medi ate l y  s t o p s .  Ce l l s  transformed by DNA cont i nue  t h e i r  growth 
under the hormone- free c o n d i t i o n s .
From one such experiment  , using the Ca/high pH method and Ti-  
-DNA from a v i r u l e n t  s t r a i n  of  A. t u m e f a c i e n s  7 , c o l o n i e s  were 
i s o l a t e d  on hormone- free medium (Table 3 ) .  These c o l o n i e s  grew 
wel l  on hormone- free medium and two of  them contai ned the t u ­
mour s p e c i f i c  enzyme LpDH.
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TABLE 3 Crown Gall  t rans f ormat i on  o f  tobacco p r o t o p l a s t s  by 
Ti -pl asmi d DNA
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Number of  c o l o n i e s
- , .  . . . Source r . , 5 Hormone , nu+Induct ion of  uptake* Qf DNA Screenedxlo  independent  LpDH
P o l y - L - o r n i t h i n e  +Zn++ Ti -pl asmi d 3 - -
none 2 -
Zn++ + high pH Ti -pl asmi d 1 . 2 - -
none 1 .2 -
Ca++- c o p r e c i p i t a t e d  DNA Ti -pl asmi d 5 - -
SS** 2 -
none 1 . 2 " -
0.1 SSC in K3 medium Ti -pl asmi d 1 . 4 - -
none 1 .4 -
Ca++ + high pH Ti -pl asmi d 10 7 2
SS 1 0 - -
none 2 - -
* D e t a i l s  on the t reatment s  w i l l  be publ i shed ( 4 6 ) .
** SS: salmon sperm DNA.
Since  spontaneous  r e g enera t i o n  of  t h e s e  c a l l i  did not occur a t -  
temps were made to regenerat e  shoot s  from the two LpDH p o s i t i v e  
c a l l i  by c u l t u r i n g  them on phytohormone-containing medium ( 0 . 5  
mg/1 b e n z y l a d e n i n e , 2 mg/1 IAA). Under t hes e  c o n d i t i o n s ,  r e g e ­
nerat i on  of  normal SRI deri ved c a l l u s  was e a s i l y  a ch i eved .  How­
e v e r ,  the shoot s  t ha t  arose  on the transformed c a l l i  showed an 
S R l - l i k e  phenotype.  They developed root s  and were LpDH ne g a t i v e .  
Since  shoots  obtai ned spont aneous l y  from transformed c a l l i  ob­
t a i ned from b a c t e r i a - t r e a t e d  SRI c e l l s  did conta i n  LpDH and 
were unable to develop r o o t s ,  we thought  i t  l i k e l y  that  the  
shoots  from the Ti -pl asmi d transformed c a l l i  arose  from normal 
c e l l s  pre s e nt  in the transformed c a l l u s .  Due to aggregat i on  of  
normal and transformed c e l l s ,  the transformed c a l l i  could be 
a mixture of  t hes e  c e l l s .  These normal c e l l s  can d i v i d e  on hor­
mone- free  medium due to the presence  of  growth hormones produc­
ed by the real  transformed c e l l s  ( 39 ) .  Another e xp l anat i on  for  
t hes e  shoot s  i s ,  that  they have been induced from transformed  
c e l l s  t ha t  have l o s t  t h e i r  tumour markers as a r e s u l t  o f  s e g r e ­
gat i on  during s u b c u l t u r e s .  Segre gat i on  can occur and has a l s o  
been observed wi th b a c t e r i a l  transformed c a l l i .  Some of  t hes e  
c a l l i  are unable to form shoot s  s p o nt a ne o us l y ,  whereas normal 
SRI s hoot s  can be i s o l a t e d  a f t e r  c u l t u r i n g  on the hormone con-  
ta i  ni ng medi urn.
Transformation of  p r o t o p l a s t s  by i s o l a t e d  Ti -pl asmi d DNA from 
A. t u m e f a c i e n s  has a l s o  been obtained by Davey and co-workers (40).
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They used A. t u m e f a e i e n s  Ti -pl asmi d DNA and p o l y - L- o r n i t h i n e  to 
transform petunia  p r o t o p l a s t s .  From one experim ent LpDH p o s i t i v e  
petunia transformants  have been i s o l a t e d .
Experiments are in progress  to f i nd out more about the reproduc­
i b i l i t y  of  the DNA trans format i on  of  p r o t o p l a s t s  and the t r a n s ­
formation f requency.  At t h i s  moment, fur t he r  s t u d i e s  are a l s o  in 
progress  in our l aboratory  to look for  the presence  of  T i - p l a s -  
mid fragments  in the DNA i s o l a t e d  from the transformed t i s s u e s  
and to i nc r e a s e  the DNA trans format i on  frequency t.o a l e v e l  at  
which t h i s  t echni que  would be s u i t a b l e  for  g e n e t i c  eng i neer i ng  
in p l a n t s .
4.  Fusion of  Normal Ce l l s  wi th Crown Gall  Ce l l s
Somatic c e l l  h y b r i d i z a t i o n  between tobacco Crown Gall  p r o t o p l a s t s  
and p r o t o p l a s t s  from normal tobacco l eaves  has been car r i ed  out  
in order to study the expre s s i o n  of  the Crown Gall  charac ter s  in 
the presence  of  a normal genome. For t h i s  purpose we used a c l o n ­
ed o c t opi ne  producing tobacco cv White Burley Crown Gall  c a l l u s  
(B6S3) which could not be induced to form shoots  in t i s s u e  c u l ­
t ure .  P r o t o p l a s t s  from t h i s  t i s s u e  were fused with pr o t o p l a s t s  
i s o l a t e d  from l eaves  of  the tobacco mutant SRI,  which i s  s t r e p ­
tomycin r e s i s t a n t .  S e l e c t i o n  of  somat i c  hybrid c e l l s  was based 
on the p r o p e r t i e s  of  both parental  c e l l s  as they are summarized 
in Table 4.
Propert i  es N.tabaaum  SRI
N. tabaaum 
B6S3
SRI + B6S3 
hybrids
Phytohormone independence - + +
Streptomycin r e s i s t a n c e + - +
Greening of  c a l l u s + - +
Regenerat ion + - +
LpDH a c t i v i t y — + +
The normal tobacco SRI p r o t o p l a s t s  are r e s i s t a n t  to s t reptomyci n  
(1 mg/ml) ,  whereas the Crown Gall p r o t o p l a s t s  are s e n s i t i v e  to 
the drug in t h i s  c o n c e n t r a t i o n .  This al lowed a f i r s t  s e l e c t i o n  
s t ep  for  s t reptomyci n r e s i s t a n t  c e l l s  in a mixture of  86S3 Crown 
Gall p r o t o p l a s t s ,  SRI p r o t o p l a s t s  and presumed hybrid c e l l s  
which were p l a t ed  in a l i q u i d  c u l t u r e  medium supplemented with 
1 mg/ml s t r ept o my c i n ,  0.1 mg/1 auxin and 0 . 2  mg/1 c y t o k i n i n .  
These c o n d i t i o n s  permit ted growth of  unfused SRI or homokaryon 
SRI c e l l s  and of  B6S3 + SRI f us i o n  products .  The small  c o l o n i e s
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t ha t  developed were cu l t ured  for  a second s e l e c t i o n  s t ep  on 
s o l i d i f i e d  agar ,  s t reptomyc i n  co n t a i n i n g  medium wi thout  phyto­
hormones.  Af t er  t h i s  s t e p ,  only a few c e l l  c o l o n i e s  were able  to 
cont i nue  t h e i r  growth.  These c o l o n i e s  have been i s o l a t e d  and sub 
cu l t ured  on hormone- free medium for  c h a r a c t e r i z a t i o n  o f  the  
phenotypi c  t r a i t s .  D e t a i l s  of  t he s e  f u s i o n  experiments  w i l l  be 
publ i shed e l sewhere  (7} .
The e x p r e s s i o n  of  the tumour markers,  such as the presence  of  
the tumour s p e c i f i c  enzyme LpDH and the c a p a c i t y  of  the c e l l s  
for  hormone i ndependent  growth has been s tud i e d  in r e l a t i o n  to  
the regenerati  ve p o t e n t i a l  of  the hybr i ds .
The p h y s i o l o g i c a l  charac t er s  of  4 out  of  16 i ndependent  c o l o n i e s  
obtai ned i n d i c a t e  t ha t  t h e s e  are real  hybr ids .  These p r o p e r t i e s  
are summarized in Table 4.  The combinat ion of  g r e e n i n g ,  r e g ene ­
r a t i o n  and s t reptomyc i n  r e s i s t a n c e  on the one hand,  and the pre ­
sence of  the enzyme LpDH on the other  hand,  mark t hes e  c a l l u s  
t i s s u e s  as true hybr i ds .  The 12 other  cal  1i have only the s t r e p ­
tomycin r e s i s t a n c e  t h a t  makes them d i s t i n g u i s h a b l e  from the  
parental  B6S3 c a l l u s .  I t  cannot  be exc luded that  B6S3 c e l l s  have 
overcome the s t reptomyci n  s e l e c t i o n  s t e p  al though t h i s  has not  
been found in contro l  exper iments .
The development  of  shoots  from hybrid c a l l u s  t i s s u e s  i n d i c a t e s  
that  i t  i s  not nece s sary  f or  both f us i o n  partners  to be able  to 
regenerat e  i n  v i t r o  in order to obta i n  r e g enera t i o n  of  hybr ids .  
Comparable r e s u l t s  have been publ i shed for  f us i o n  between normal  
c e l l s  o f  P e t u n i a  ('417, N i o o t i a n a  7427 and D a tu r a 7437 . The a b i l ­
i t y  to form shoots  i s  a SRI property .  However,  when tumours are  
formed on SRI by i n f e c t i o n  with A. t u m e f a o i e n s  s t r a i n  B6S3, the  
r e g enera t i o n  c a p a c i t y  of  the obtai ned tumour c e l l s  i s  s uppre s ­
sed.  Shoot development from the hybrid tumours shows that  the  
re g e n e r a t i o n  c a p a c i t y  i s  r e s t o re d  by the presence  of  a normal 
SRI genome in the hybrids  and a l s o  demonstrates  t h a t  the a b i l i t y  
to r e generat e  shoots  i s  a dominant t r a i t .
5. Shoots Obtained Af t er  I n  v i t r o  Tumour Induct ion
Shoots have been i s o l a t e d  from tumour t i s s u e s  obtained i n  v i t -  
r o 3 e i t h e r  a f t e r  c e l l  f us i o n  or a f t e r  b a c t e r i a l - i n d u c e d  t r a n s f o r  
mation of  p r o t o p l a s t s .  The p r o p e r t i e s  of  t hes e  s hoot s  are shown 
in Table 5.
TABLE 5 P r o p e r t i e s  of  hybrid and transformed SRl - shoot s
No root  format i on ,
Thick stems and l eaves
small  s i z e  growth 
formation of  l a t e r a l  shoots
LpDH pos i t i  ve
R e s i s t a n t  a g a i n s t  i n f e c t i o n  wi th
v i r u l e n t  s t r a i n s  of  A g r o b a o t e r i u m
419
An important  property  i s  the presence  of  the enzyme LpDH in 
s hoot s  both from the hybrids  and from tumours induced by oct o-  
pine s t r a i n s  o f  A. t u m e f a s i e n s j  whereas s hoot s  from nopal i ne  
tumours conta i n  the enzyme NpDH. The presence  of  t he s e  enzymes 
i s  always c o r r e l a t e d  wi th an abnormal morphology,  wi th the ab­
sence of  root s  and wi th the absence of  a p i ca l  dominance.  These 
f e a t u r e s  can best be expl  ained by assuming that  the balance  of  the  
hormones,  auxin and c y t o k i n i n ,  i s  abnormal in the s h o o t s .  Both 
the a x i l l a r y  shoot  development  and the absence of  root  forma­
t i o n  may be due to an overproduct i on  of  c y t o k i n i n .  The f a c t  that  
not a l l  LpDH p o s i t i v e  tumours regenerat e  s hoot s  s u g g e s t s  that  
the genes r e s p o n s i b l e  for  LpDH a c t i v i t y  and those  r e s p o n s i b l e  
f or  maintenance of  n e o p l a s t i c  growth can be expressed  d i f f e r e n ­
t i a l l y .  The formation of  shoots  shows that  the i nduc t i on  of  neo­
p l a s t i c  growth i s  not an i r r e v e r s i b l e  pro ce s s .  However,  i t  i s  
not known why some tumours develop shoots  and others do not under 
the same c i rc ums t a nces .  A t h i rd  charac t er  of  the tumour t i s s u e s ,  
the phytohormone i ndependent  growth can be pres ent  independent l y  
of  the LpDH a c t i v i t y  and the re g e n e r a t i o n  c a p a c i t y .  This i s  
shown by the obs e r v a t i o n  that  LpDH neg a t i v e  t ransformants  have 
been i s o l a t e d  which are phytohormone i ndependent ,  and LpDH pos ­
i t i v e ,  which are phytohormone dependent  for  t h e i r  growth.  In 
c o n c l u s i o n ,  i t  can be sa i d  that  the s y n t h e s i s  o f  LpDH, the main­
tenance  of  u n d i f f e r e n t i a t e d  growth and the product ion o f  phyto­
hormones can be expressed  d i f f e r e n t i a l l y .  I t  should be ment ion­
ed,  however,  t ha t  the e x p r e s s i o n  of  t he s e  phenotypic  t r a i t s  can 
be regul a ted  by the presence  or absence of  phytohormones in the  
c u l t u r e  medium. Table 6 shows the e f f e c t  of  hormones on tumour 
t i s s u e s  and on normal t i s s u e s .
WULLEMS ET AL.
TABLE 6 I n f l ue nc e  of  phytohormones on the growth of  p r o t o p l a s t s  
from normal and tumorous t i s s u e s
Origin of hor- 1 hor- 2 hor- 3 hor- 4
p r o t o p l a s t s mones /growth/mones /growth/mones /growth/mones /growth
B6S3 c a l l u s - c a l l u s - c a l l u s - c a l l u s - c a l l u s
SRI shoots + c a l l u s + c a l l u s + cal  lus + c a l l u s
+ c a l l u s ~ none
Hybrid SRI 
shoots + c a l l u s + cal  lus + c a l l u s + c a l l u s
T rans formed 
SRI shoots + c a l l u snone
- c a l l u s - c a l l u s - shoots
P r o t o p l a s t s  i s o l a t e d  from hybrid or transformed shoots  requi re  
exogeneous s uppl i ed  phytohormones to i n i t i a t e  c e l l  d i v i s i o n .  
After  c a l l u s  t i s s u e s  of  s u f f i c i e n t  s i z e  have been formed,  a l l  
c o l o n i e s  can be s ubcul tured  i n d e f i n i t e l y  on a hormone- free me-
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dium, whereas the LpDH a c t i v i t y  i s  pres ent  in a l l  i nd i v i d u a l  sub­
c l o n e s .  These o b s e r v a t i o n s  i n d i c a t e  that  the g e n e t i c  informat ion  
f or  t h e s e  tumour c h a ra c t er s  i s  pres ent  in a l l  i nd i v i d u a l  c e l l s  
of  the s h o o t s .  That the e x p r e s s i o n  of  n e o p l a s t i c  growth versus  
re g e n e r a t i o n  can a l s o  be r e g ul a t e d  by exogeneous phytohormones  
i s  demonstrated in Fig.  4.
Fig.  4 Repres entat i on  of  the growth response  of  pi th and l e a f  
ex p l a nt s  from a normal N. tabaoum  SRI shoot  (A) and a 
transformed SRI shoot  (B) in the presence  or absence of  
phytohormones in the c u l t u r e  medium. The ex p l a nt s  have 
been cu l tured  for  one month. The hormones were auxin 
(3 mg per 1 N A A; 0.1 mg per 1 2 , 4-D)  and c y t o k i n i n  
(0 . 04  per 1 ki net i  n ) .
When fragments  of  l e a v e s  and pi th of  the tumorous shoots  were 
placed on a hormone- free and a hormone c o nt a i n i ng  medium, shoots  
developed from both types  of  exp l ant s  wi thout  c a l l u s  formation  
on the hormone f r ee  medium. Both types of  e x p l a n t s ,  however,  
developed f a s t  growing c a l l u s  t i s s u e s  on hormone c o n t a i n i ng  me­
dium. The enzyme LpDH was pres ent  in the t i s s u e s  grown from both 
types  o f  exp l ant s  on both media.  Both pi th and l e a f  exp l ant s  from 
normal SRI s h o o t s ,  cu l t ured  on hormone con t a i n i ng  medium, de­
veloped f a s t  growing c a l l u s  t i s s u e .  The pi th e x p l a n t ,  cul tured  
on hormone- free medium gave r i s e  to shoot  r e g e n e r a t i o n ,  whereas  
the l e a f  exp l ant s  f a i l e d  to grow. These experiments  show that  
the tumorous c a l l u s  t i s s u e  and shoots  do not show a permanent  
and i r r e v e r s i b l e  phenotype.  A re vers a l  of  the unorganized growth,  
l eadi ng  to a more or l e s s  normal i zat i on  of  the d i f f e r e n t i a t i o n ,  
has been demons trat ed . Whether organi zed growth or unorganized  
growth w i l l  occur depends on how the g e n e t i c  i nformat ion in the  
tumour c e l l  i s  regul a ted  by the phytohormones.  Evidence for  the  
s uppress i on  of  the n e o p l a s t i c  c o n d i t i o n  has a l s o  been obtained
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by Braun (.36).  He used teratoma-tumour t i s s u e s  of  s i n g l e  c e l l  
o r i g i n  which, were der i ved from nopal ine -produc i ng  tobacco Crown 
Gall  t i s s u e s .  Af t er  a p p l i c a t i o n  of  c e r t a i n  manipulat ions  morpho­
l o g i c a l  an,d f u n c t i o n a l l y  normal shoots  were bbtained that  f l o w e r ­
ed and s e t  s eed.  I t  was shown that  the tumour shoots  s ' t i l l  syn­
t h e s i z e d  NpDH and conta i ned T-DNA (.44).  However,  haploid t i s s u e s  
derived from anthers  and p l ant s  of  the FI generat i on  lacked both 
NpDH and T-DNA ( 4 4 ) .  The l o s s  of  T-DNA may have taken p lace  du­
ring me i o s i s .
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IV. THE POTENTIALS OF THE SYSTEM
Since a . t u m e f a c i e n s  i s  able  to transform p l ant  c e l l s  of  d i f ­
f e r e n t  s p e c i e s ,  both i n  v i v o  and i n  v i t r o ,  the bacterium i t s e l f ,  
carryi ng  a modi f i ed Ti - p l a s mi d ,  might be a good tool  f or  g e n e t i c  
eng i ne er i ng  of  plant  c e l l s .  From a t e c h n i c a l  point  of  view i t  
may be concluded that  the f i r s t  s t eps  on the long road l eadi ng  
to s u c c e s s f u l  g e n e t i c  eng i ne er i ng  o f  plant s  thro.ugh the i n t e g r a ­
t i o n  of  new genes have been taken.  What types  of  new genes w i l l  
be i n c o r p o r a t e d , w i l l  be determined by the p o s s i b i l i t i e s  for  
manipulat ion of  the A. t u m e f a c i e n s  Ti -pl asmi d.  I t  i s  c l e a r  that  
Ti -pl asmi ds  can be t r a ns f e r r e d  not only between various  A. t u -  
m e fa o i e n s  s t r a i n s ,  but a l s o  from A. t u m e f a c i e n s  to a ni t rogen  
f i x i n g  Rh izob ium t r i f o l i i  and v i c e  v e r s a  ( 49) .  The Rhizobium  
s t r a i n ,  carry i ng  the Ti - p l a s mi d ,  i s  oncogenic  on s eve ra l  plants  
and i s  s t i l l  able  to form normal,  n i t rogen f i x i n g  nodules  on i t s  
ho s t .  I f  we could eng i neer  the Ti -plasmid in such a way that  
f o r e i g n  genes ,  for  i n s t a n c e ,  the n i f  genes of  R hizob ium ,  r e ­
p lace  that  part  of  the T-DNA which i s  not e s s e n t i a l  for  t r a n s ­
formation we might expec t  that  these  f or e i gn  genes can be i n t r o ­
duced and be brought to expre s s i on  in plant  c e l l s .  In a d d i t i o n ,  
other  components invo l ved  in ni t rogen f i x a t i o n ,  l i ke  leghemo-  
g l o b i n ,  p r o t e c t i n g  the n i t rogenas e  enzyme complex from o x i da ­
t i o n ,  are a l s o  required to be pres ent  in the transformed t i s s u e .  
The f i r s t  problem that  has to be s o l v e d ,  before  t r a n s f e r  of  
d e s i r a b l e  genes can be s u c c e s s f u 1 , . i s  to modify the recent  meth­
ods for  t ransformat i  on in such a way that  normal,  f ert i l e  plants  
can be regenerated from the transformed t i s s u e  in which the 
g e n e t i c  informat ion f or  f o r e i g n  genes ,  l i k e  LpDH, i s  s t i l l  
present  and should be passed on to the o f f s p r i n g  of  such p l a n t s .  
The problem of  the absence of  normal regenerat i on  of  transformed 
t i s s u e  can be overcome by f us i ng  p r o t o p l a s t s  from t h i s  t i s s u e  
with normal regenerat i ng  mesophyl l  p r o t o p l a s t s  of  p lant s  from 
the same s p e c i e s .
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SUMMARY.
Isolated Agrobacterium  plasmids will transform higher plant protoplasts, 
while Intact bacteria will transform regenerated ce l l s .  Transformed 
tissues are hormone independent, multiply when grafted onto the host plant, 
synthesise octopine, and show lysopine dehydrogenase act ivi ty.  These 
are characteristic features of crown gall tumours. These results are 
discussed with reference to the use of Agrobacterium  plasmids In the 
genetic engineering of plants.
INTRODUCTION.
Crown gall disease of dicotyledonous and gymnospermous plants is caused by 
virulent strains of the Gram-negative bacterium Agrobacterium  tum efaciens  
carrying large (M.Wt. 96-156 X 10 ) tumour-inducing (Ti) plasmids (1-3).  
During transformation, the plasmid is transferred to the recipient ce l l ,  
and a segment (T-DNA) is integrated into the plant DNA (4,5),  where it  is 
transcribed (6). The T-DNA can be extensive and can code for several 
functions, including tumourigenesis and the synthesis of opines of the 
octopine or nopaline type by the transformed ce l l s .  Such amino-acids are 
speci f ic to the strain of Agrobacterium ,  are only present in crown gall 
tissues, and are uti l ised as carbon and nitrogen source by the micro­
organism. Transformed ce l l s  can be freed of the inducing bacterium, and 
will proliferate autonomously in tissue culture in the absence of hormones
(7).
The Ti plasmid is a natural vector which promotes the transfer, integrat­
ion and expression of foreign DNA in plants. On this basis i t  may be 
possible to ut i l i se  the plasmid, or smaller T-DNA carrying plasmids, in 
genetic engineering. Ini t ial ly this requires demonstration that cultured 
plant ce l l s  can be transformed to the tumourous condition by either 
intact Agrobacterium  or by isolated Ti plasmids (8,9).  Enzymatically 
isolated protoplasts provide a useful experimental system for transformat­
ion studies, since they develop Into colonies of single cel l  origin.  This 
paper reports the transformation of ce l l s  regenerated from wild-type 
N ico tiana  leaf mesophylI protoplasts by intact Agrobacterium ,  and 
amplifies an earlier report of the transformation of P etunia  suspension 
cel l  protoplasts by isolated Agrobacterium  plasmids (10).
MATERIALS AND METHODS.
I. Protoplast isolation -  Leaf mesophylI protoplasts were isolated from
28* 425
N ico tia n a  tabacum cv  x a n th i  (II) .  Suspension cultures Initiated from 
leaf explants of P etun ia  hybrida  X P. p a ro d ii  were maintained in medium 
(12) with 2.0 mg/1 2,4-D and 0.25 mg/l kinetin.  Protoplasts were 
isolated using 2? w/v Driselase, 2? Meicelase (Meiji Seika Kaisha,Ltd., 
Tokyo), and 0.4? Macerozyme (Kinki Yakult Ltd., Nishinomiya, Japan).
2. Maintenance of A grobacterium  -  A, tu m efa c ien s s t r a in  ACH-5 was 
cultured (28°) on a minimal medium (K-HPO. 10.25, KH„P0£ 7.25, NaCl 0.15,  
MgS0.7H„0 0.5, CaCl„2H_0 0.01, glucose 3.0 g/ l ;  FeSO./hLO 2.5, octopine
8.0 mg/f; Bacto-Difco agar 1.5 % w/v).
3. Culture of N ico tia n a  mesophyll protoplasts and inoculation of regenerat­
ed ce l l s  with A grobacterium  - Mesophyll protoplasts were cultured (25 ,
700 lux) i n 3 ml 11 quid over 12 ml agar sol idi f ied medium (13) containing
2.0 mg/1 NAA and 0.5 mg/1 BAP with 9? w/v mannitol. Protoplast numbers 
In the liquid layer were adjusted to give an overall plating density of
2.0 X 10 /ml. Cells regenerated from protoplasts were transferred to 
medium with 7% w/v mannitol at day 7, and inoculated with 0.4 ml of a 
24 h culture (Lab Lemco 10.0,peptone 10.0, NaCl 5.0 g / l ,  pH 7.<^ ) of 
A grobacterium  at day 14. The bacterial density was,-5.0 X 10 /ml and 
0.8 X 10 /  N ico tia n a  cel l  (cell  density was 6.4 X 10 /ml).  Cells were 
incubated with bacteria for 36 h. Uninoculated controls were also set  up.
4. Selection of transformed N ico tiana  ce l l s  - Cells were transferred to 
medium (liquid over agar) with 1.0 mg/ml carbeniciI I in (Pyopen, Beecham 
Research Laboratories) for 4 wk, the mannitol level being reduced to 3.5 
? and final ly removed during this period. Cells were harvested from the 
liquid layer and treated with lysozyme (10 mg lysozyme In 8.0 mM Tris HCI 
0.74 mM EDTA, pH 8.0, 28°, 2h) to remove remaining bacteria by protoplast- 
ing, and plated in agar medium containing hormones (2.0 mg/1 NAA and 0.5 
mg/I BAP) with carbeniciI Iin (0.5 mg/ml). The contents of each origional  
dish were plated as 4, 15 ml aliquots. After a further 4 wk individual 
colonies were transferred to agar medium (13) lacking hormones, approx 
1300 colonies being sub-cultured from each of the 4, 15 ml aliquots.  
Colonies which continued to proliferate were selected and maintained on 
medium lacking hormones. Carbenici1 I in was omitted when the tissues
were steri le .
5. Isolation of Ti plasmids and incubation with P etunia  protoplasts - 
Plasmid was prepared from a 48 h A grobacterium  culture, purified,  and 
ethanol precipitated by a method similar to that described (I) .  The DNA. 
was pel letted (10,000 rpm, Beckman SW41 , 1h,4 ), the supernatant removed, 
and the pel let  drained. 30 pg plasmid was resuspended In 2.4 mi s teri l e  
0.05M Tris HCI 2mM EDTA pH 8.0 containing 9? mannitol (overnight, 4°). 
Steri l i ty of the plasmid was checked by plating aliquots onto nutrient 
agar and minimal medium with octopine . The plasmid was s ter i l e  and 
free from contamination by ce l l s  of ACH-5 or other micro-organisms. It 
contained 60? supercoiled, 10? gpen circular and 30? linear DNA as judged 
by electron microscopy. 4 X 10 P etun ia  protoplasts were transferred to 
a 12 X 100 mm screw capped tube and centrifuged (90 X g, 2m). The 
supernatant was removed, and protoplasts resuspended in 1.0 ml 0.05M 
Tris HCI 2mM EDTA pH8.0 containing 9? mannitol, 10 pg Ti plasmid, and
2 pg poly-L-ornithine HBr (M.Wt. 166,000, Sigma, I h, 27°; 14). Controls 
without plasmid were also set up. Protoplasts were washed with 0.05M 
Tris HCI 2mM EDTA pH 8.0 containing 9? mannitol (3 X 8 ml changes), and 
plated at 2.0 X 10 /^ml in liquid medium (13) with 2.0 mg/I NAA and 0.5 
mg/1 BAP (25°, 700 lux).
6 . Selection of transformed P etunia  c e l l s .- 14 days after treatment with 
Ti plasmid, P etun ia  ce l l s  were separated by gentle agitation, and spread
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over the surface of agar medium with reduced hormones (0.44 mg/I NAA, 0.11 
mg/I BAP). Cells were maintained on medium with reduced hormones for 
4 mth, the osmotic pressure of the medium being reduced during the f i r s t  
6 wk. Cell colonies were subsequently transferred to agar medium lacking 
hormones. Those which continued to proliferate were sub-cultured to 
hotmone-free medium with regular transfer every 4 wk.
7. Induction of authentic crown gall tissues - Shoots of greenhouse-grown 
plants were surface ster ilised  (10? v/v "Domestos" bleach, 20m; 6 changes 
of s te r i le  water) and cut into 5 cm lengths. Stem bases were inserted 
into agar medium (13) with 0.1 mg/1 NAA to encourage rooting. Stem tips  
were removed, and the cut surface inoculated with a loopful of a log 
phase culture of A grobacterium .  Terminal tumours which developed on 
Incubation (25 , 1,000 lux) were excised after 4 wk and maintained on 
hormone-free agar medium (13) with 1.0 mg/ml carbenic!I I in. The anti­
biotic was omitted when the tissues were s t er i l e  (3-4 mth).
8 . Grafting of tissues selected from plasmid-treated protoplasts and 
authentic tumours onto host plants -  Shoots of P etunia  hybrida  X P. p a ro d ii  
were prepared as in 7 above, and a wedge-shaped piece of tissue (40 mg) 
inserted into a 0.5 cm s l i t  on each stem. Grafts were covered with
s te r ! le parafiIm.
9. Electrophoretic detection of octopine in transformed tissues -  200 mg 
of tissue was incubated In 2 ml hormone-free liquid medium (13) containing 
IOOmM L-arginine HC1 ( 25 ’ 48h, 120 rpm). Tissues were rinsed with 
s te r i le  water, blotted dry, homogenised, and centrifuged (12,000 rpm, 2m). 
The supernatants were retained, and 5 pi aliquots spotted 3.5 cm from
the anode of a 17 X 15 cm sheet of Whatman 3MM paper, I .0 cm apart, and 
dried. 4 pi of an arginine/octopine mixture (each at 0.5 mg/ml) was 
used as standard, together with I pi of ethanolIc methyl green (migrates 
just behind the fastest compound, arginine).  Electrophoresis was carried 
out in formic acid : acetic acid : water (5:15:80) (30m, 360V 26mA at 
start; 300V,33mA at f ini sh) .  The stain reagent was a fresh mixture of 
2 mg phenanthrenequI none In 10 ml ethanol and I g NaOH in 10 ml 60$ 
ethanol. After dipping and drying, the electropherogram was observed 
under UV (366 nm). Authentic octopine had a yellowish-green fluorescence.
10. Detection of lysoplne dehydrogenase (EC 1.5.1) activ ity  in transformed 
tissues -  A micro-scale method was used as described (15).
RESULTS.
I. N ico tia n a  ce l l s  Incubated with Agrobacterium  -  Cell colonies present in 
N ico tia n a  protoplast cultures became aggregated following Inoculation 
with A grobacterium .  In a typical experiment, 1300 colonies were transferr­
ed to hormone-free medIum^durlng the selection procedure. 28 of these 
(approx.I in every 2 X 10 protoplasts origionally plated, or I in every 
8 .6  X 10* ce l l s  regenerated from protoplasts at the time of inoculation) 
continued to grow in the absence of hormones (Fig. 1), and of 17 such 
colonies examined to date, 14 contained octopine (Fig. 2) and showed 
iysopine dehydrogenase activ ity  (Fig. 3),  the enzyme involved In the 
production of octopine from arginine In crown gal! tumours (24). The 
remaining colonies did not show octopine or enzyme act ivi ty,  indicating 
habituated tissues. Octopine and Iysopine dehydrogenase were also 
absent from non-transformed N ico tia n a  cal lus.  Octopine-posItive tissues  
selected from A g ro b a c ter iu m -irea ied  ce i l s  showed more octopine as judged 
by the intensity of staining following electrophoresis of standard 
tissue extracts than some uncloned authentic N ico tiana  crown gal! tumours. 
Morphologically, the selected tissues resembled authentic N ico tiana
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tumours, belnp composed of a mixture of green and colourless ce l l s .
1
Fig.1. Transformed N ico tiana  tissue (arrowed) selected on hormone-free 
medium.
Fig.2. Separation of amino-acids In extracts of tissues from Agrobacterium - 
treated ce l l s ,  non-transformed callus and N ico tiana  crown gal l .  
Channel 1, standards, arginine (A), octoplne (0); 2 ,3 ,4 , tissues  
from A g ro b a cteriu m -frea fed  cel l s ;  5, tissue from A giobactexium -  
treated ce l l s  + octoplne; 6, non-transformed N ico tiana  callus;
7, non-transformed N ico tiana  cal lus + octoplne; 8, N ico tiana  
crown gall Induced by a . tu m efa c ien s ach-5  bacteria.
Fig.3. Lysoplne dehydrogenase activity In extracts of tissues from
A grobactexium -treated ce l l s  and N ico tiana  crown gal l .  Channel 1, 
standards, arginine (A), octoplne (0); 2,3 ,4, tissue from A grobact-  
erium -treated ce l l s  at start (2),  after Incubation (3), after  
tncubatlon + octoplne (4); 5,6 ,7, tissue from non-transformed 
N ico tiana  cal lus at start (5),  after Incubation (6), after Incubat­
ion + octoplne (7); 8,9,10, N ico tiana  crown gall at start (8), 
after Incubation (9),  after Incubation + octoplne (10).
2. P etunia  protoplasts Incubated with T1 plasmids - Growth of ce l l s  from 
both plasmid-treated and control preparations declined on medium with 
reduced hormones'. Subsequently, some colonies from plasmid-treated 
protoplasts (approx I In every IO5 protoplasts or i g i na l l y  plated after 
uptake) continued to proliferate on hormone-free medium. They appeared 
pale green against a background of brown, dying ce l l s .  The pale colonies 
were sub-cultured and have been maintained for over 2 yr on hormone-free 
medium with regular transfer every 4 wk. Control ce l l s  did not continue 
to grow after transfer to hormone-free medium, Indicating that habituat­
ion Is negligible in P e tu n ia .  Hormone-Independent tissues selected from 
plasmid-treated protoplasts became Intensely green, and In morphology 
and growth resembled crown gall tissues from authentic axenlc tumours 
Induced on P etunia  stem explants by ach-5  bacteria. In comparison, 
non-transformed P etunia  cal lus was creamy-white on medium with 2.0 mg/I 
NAA and 0.5 mg/1 BAP. Tissues from plasmid-treated protoplasts grew 
without restraint when grafted onto the host plant. Such growths could 
be excised from the graft, returned to agar medium, and maintained in the 
absence of hormones. This property typ ifies  crown gal l s  (16) including 
authentic axenlc P etunia  tumours. Non-transformed P etunia  cal lus failed 
to grow when grafted. Octoplne and lysoplne dehydrogenase were present 
In extracts of tissues from plasmid-treated protoplasts , the electropher- 
ograms being similar to those shown in Figs. 2 and 3, but not In extracts
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of non-+ranstormed P etun ia  cal lus.
DISCUSSION.
Transformation of higher plant protoplasts by Isolated TI plasmids and of 
ce l l s  regenerated from protoplasts by Intact A grobacteria  occurs at 
frequencies, higher when Intact bacteria are used, which permit transform­
ants to be selected by conventional plating techniques using hormone-free 
media. The advantage of using protoplasts as an experimental system Is 
that It fa c i l i ta te s  recovery of tissues of s ingle-cell  origin, th is  being 
reflected In the enhanced octoplne content of transformed N ico tiana  
t issues compared to that of some uncloned authentic N ico tia n a  crown gall  
tumours. Since habituated tissues resemble crown gall tumours In their  
hormone Independence, they are also recovered In the procedure used to  
select transformed ce l l s .  Habituation In control cultures must therefore 
be determined for any particular'experiment. Comparison of the results  
reported Indicates that habituation occurs at higher frequency in 
N ico tia n a  than In P e tu n ia .
Intact bacteria have been used to transform tobacco suspension ce l l s  (17),  
and ce l l s  regenerated from leaf protoplasts of streptomycin resistant  
tobacco plants (18).  The abi l i ty to transform ce l l s  regenerated from 
wlId-type N ico tiana  leaf protoplasts with intact A grobacteria  indicates 
that thi s  transformation procedure Is of general applicabi l i ty to wtId- 
type as well as mutant cell  l ines.  The demonstration that Isolated 
A grobacterium  plasmids can transform P etun ia  protoplasts (10), Indicates 
that Intact bacteria are not a prerequisite for tumour Induction In 
culture. In vtew of th is ,  tt  Is now possible to use protoplasts and 
Isolated TI plasmids to attempt to overcome the natural barrier to 
Infection by A grobacterium  present In monocotyledons, and also to Investig­
ate the uptake of TI plasmids into protoplasts of fungi, bryophytes, 
and ferns. A grobacterium  plasmids may be suitable vectors with which to 
modify plant ce l l s  by the Introduction of Isolated genes (19, 20). 
Transposon Tn7 has been Introduced Into the T-DNA of the TI plasmid and 
detected In tobacco crown gall (21). It now remains to be seen whether 
such transposons will  be expressed In transformed protoplasts and In 
regenerated plants.
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PROTOPLASTS AS A HOST CELL SYSTEM FOR PLANT VIRUSES
I. Takebe
B i o l o g i c a l  I n s t i t u t e ,  Facul ty  of  Sc i ences  
Nagoya Un i v e r s i t y  
Nagoya, Japan
A decade has e l apsed s i n c e  p r o t o p l a s t s  of  higher p lants  were 
f i r s t  introduced i n t o  p l ant  v i rus  research as an I n  \j-itxo system 
of  hos t  c e l l s  ( 1 , 2 ) ,  By v i r t ue  o f  t h e i r  f a c i l i t y  to be i n f e c t e d  
synchronous l y  and at  high f r e q u e n c i e s ,  p r o t o p l a s t s  are now one 
of  the standard experimental  ma t er i a l s  'in a number of  p l ant  v i ­
rology l a b o r a t o r i e s .  I t  seems to be appropriat e  to rev i ew,  at  
t h i s  s t a g e ,  recent  developments  wi th t h i s  system to de f i n e  i t s  
p r o p e r t i e s  and to d i s c u s s  some of  the problems which have emerged 
from the f i n d i n g s  us ing p r o t o p l a s t s .  In t h i s  a r t i c l e ,  r e f erence  
w i l l  be conf i ned to the p r o t o p l a s t s  from the mesophyl l  t i s s u e s  
o f  higher p l a n t s .  There are s eve ra l  e a r l i e r  review papers which 
are p e r t i n e n t  to the s u b j e c t  ( 3 , 4 , 5  ).
Recent Developments
The l i s t  o f  p r o t o p l a s t  systems e s t a b l i s h e d  for  the s tudy of  plant  
v i r u s e s  i s  growing s t e a d i l y ,  and up to now p r o t o p l a s t s  from at  
l e a s t  11 s p e c i e s  have been s u c c e s s f u l l y  i nocul a t ed  wi th more 
than 17 d i f f e r e n t  v i r u s e s .  Table 1 l i s t s  the plant  v i r u s e s  rep­
r e s e n t i n g  major taxonomical  groups for  which a system o f  syn­
chronous i n f e c t i o n  has been made a v a i l a b l e  using p r o t o p l a s t s .  
Important new a ddi t i o ns  to the l i s t  are tobacco n e c r o t i c  dwarf  
vi rus  (18)  and c a u l i f l o w e r  mosaic v i rus  (19 ,  20) .  The former i s  
c l o s e l y  r e l a t e d  to potato  l e a f  ro l l  v i r u s ,  and i s ,  t h e r e f o r e ,  
t r a n s m i s s i b l e  only wi th the aid of  aphid v e c t o r s .  Furthermore,  
i t  i s  conf i ned to the phloem t i s s u e s  in i n f e c t e d  p l a n t s .  The 
p r o t o p l a s t  system e s t a b l i s h e d  should undoubtedly be i nv a l ua b l e  
for  s tudying  the r e p l i c a t i o n  of  t h i s  v i r u s ,  a task extremely d i f ­
f i c u l t  to undertake with l e a f  ma t e r i a l .  I t  could be sugges ted  
t ha t  p r o t o p l a s t  systems may a l s o  be developed for  o ther  v i rus es  
the i n o c u l a t i o n  of  which i s  known to re l y  upon i n s e c t s  or other  
v e c t o r s .  Cau l i f l ower  mosaic v i rus  i s  unique in that  i t  has a ge­
nome of  doubl e - s t randed DNA. The high l e v e l s  o f  i n f e c t i o n  re ­
c e n t l y  a t t a i n e d  with p r o t o p l a s t s  (75-80 % o f  p r o t o p l a s t s  i n f e c t ­
ed ( 2 0 ) )  and the high rate  o f  r e p l i c a t i o n  ( format ion of  i n c l u ­
s i on  bodies  wi t h i n  72 hrs ( 2 0 ) )  should obv i ous l y  be a great  help 
for  biochemical  s t u d i e s  on the r e p l i c a t i o n  of  the DNA genome.
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TABLE 1 Plant  v i r u s e s
TAKEBE
for  which a synchronous i n f e c t i o n  system
has been e s t a b l i s h e d  us ing l e a f p r o t o p l a s t s
Vi rus Source of  p r o t o p l a s t s Reference
Tobacco mosaic Tobacco 1
T omato 6
Tobacco r a t t l e Tobacco 7
Potato X Tobacco 8
Turnip y e l l o w mosaic Chi nese cabbage 9
Cowpea mosaic Cowpea 10
Tobacco 1 1
Cucumber mosaic Tobacco 12
Brome mosaic Tobacco 13
Bariey 14
Radi s h 1 5
A l f a l f a  mosaic Cowpea 16
Raspberry r i n g s po t Tobacco 1 7
Tobacco n e c r o t i c  dwarf Tobacco 18
Pea enat i on  mosaic Tobacco 19
Ca ul i f l o wer  mosaic Turnip 2 0 , 21
P r o t o p l a s t s  have a l s o  been i no c u l a t e d  wi th v i r o i d s ,  an i n f e c ­
t i o u s  RNA of  low mol ecul ar  we ight  (23 ) .
The i n o c u l a t i o n  method o r i g i n a l l y  developed for  tobacco pr o t o ­
p l a s t s  and tobacco mosaic v i rus  (TVM) (1)  has been found to be 
e f f e c t i v e  f or  many o ther  combinat ions  of  v i r u s e s  and p r o t o p l a s t s  
( 5 ) .  I n f e c t i o n  of  p r o t o p l a s t s  u s ua l l y  requi res  the a d d i t i o n  of  
macromolecular p o l y c a t i o n s  such as p o l y - L - o r n i t h i n e .  Except ions  
to t h i s  general  r u l e ,  however,  have been found.  P r o t o p l a s t s  can 
be i n f e c t e d  in the absence of  added p o l y c a t i o n s  e i t h e r  when the 
v i r u s e s  have h igher  i s o e l e c t r i c  po i nt s  and are t h e r e f o r e ,  po­
s i t i v e l y  charged under the i n o c u l a t i o n  co n d i t i o n s  (pea enat i on  
mosaic v i rus  (19)  and brome mosaic v i rus  (13 , 14 , 15 ) ) ,  or when 
the p r o t o p l a s t s  have a r e l a t i v e l y  low n e g a t i v e  s ur f a c e  charge  
(cowpea p r o t o p l a s t s  ( 2 2 ) ) .  These o bs erv a t i o ns  i n d i c a t e  that  the  
i n i t i a l  adsorpt i on  o f  v i rus  p a r t i c l e s  onto the s u r f a c e s  of  pro­
t o p l a s t s  depends on e l e c t r o s t a t i c  f o r c e s ,  and support  the idea  
t ha t  the primary f unc t i on  o f  p o l y c a t i o n s  i s  to n e u t r a l i z e  or
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to r e vers e  the negat i ve  charge of  vi rus  p a r t i c l e s  ( 5 ) .  I t  has 
r e c e n t l y  been demonstrated that  under i n o c u l a t i o n  cond i t i ons  
the vi rus  p a r t i c l e s  form aggregates  which presumably contain  
po l y c a t i o n  and buf f er  molecules  ( 2 4 ) .  These- aggregates  were,  
however,  i n f e c t i o u s  to p r o t o p l a s t s  only upon the addi t i on  of  
ext ra  p o l y c a t i o n ,  s u g g e s t i n g  that  the po l y c a t i o n s  have an ad­
d i t i o n a l  f u n c t i o n ,  p o s s i b l y  mediated by t h e i r  binding to the  
s ur f ac e  o f  the p r o t o p l a s t  ( 2 4 ) .  The e f f e c t  of  the i n o c u l a t i o n  
buf f er  on the e f f i c i e n c y  of  i n f e c t i o n  of  p r o t o p l a s t s  has been 
s t ud i e d  to some e x t e n t .  Phosphate buf f er  o f t e n  g i ves  r i s e  to 
i n f e c t i o n  at  higher e f f i c i e n c i e s  than c i t r a t e  buf f er  (5 ,  26 ) ,  
but has the d i sadvantage  that  the e f f i c i e n c y  tends to be a f f e c t ­
ed by p r o t o p l a s t  de n s i t y  ( 5 ,  25) .
The mode of  entry of  v i rus  i nt o  p r o t o p l a s t s  has been a s u bj e c t  
of  c o nt r o v ers y .  On the bas i s  o f  e l e c t r o n  mi croscopic  obs erva­
t i o n s  o f  thin s e c t i o n s ,  some workers proposed an endocyt i c  pro­
cess  f or  v i rus  entry ( 2 , 2 7 ) ,  whereas others b e l i eved t hat  vi rus  
enters  p r o t o p l a s t s  through po l y c a t i o n- i nduc e d  l e s i o n s  in the  
plasmalemma ( 2 8 , 2 9 ) .  The l a t t e r  mechanism,  however,  does not  
ex p l a i n  i n f e c t i o n  by t hes e  v i rus e s  which have no p o l y c a t i o n  r e ­
quirement  and s t r u c t u r e s i n d i c a t i v e  of  e n d o c y t i c  entry o f  brome 
mosaic v i rus  has r e c e n t l y  been observed in barley p r o t o p l a s t s  
i no c u l a t e d  in the absence o f  poly-L-orni thi  ne ( 3 0 ) .  I n f e c t i o n  in 
t h i s  system was enhanced cons i de rab l y  when the osmot i c  pressure  
of  the medium was ra i s ed  immediately before  i no c u l a t i o n  (31) .
This obs erv a t i o n  i s  a l s o  in l i n e  wi th the endocyt i c  mechanism 
of  v i rus  e n t r y ,  because the osmot i c  shock should reduce the 
turgor  which count erac t s  the i n v a g i n a t i o n  of  plasmalemma. The 
operat i on  o f  an endocyt i c  mechanism in i s o l a t e d  p lant  protopl as t s  
was c l e a r l y  demonstrated by the recent  e l e c t r o n mi c r o s c o p i c  study  
of  the uptake of  po l y s t y rene  spheres  in which the uptake was 
a l s o  shown to depend on an energy supply ( 3 2 ) .  I t  should be 
pointed out ,  however,  t ha t  we s t i l l  l ack d i r e c t  proof  that  the 
virus  p a r t i c l e s  taken up by endocyt i c  process  are those  which 
a c t u a l l y  p a r t i c i p a t e  in the i n f e c t i o n  of  p r o t o p l a s t s .
A remarkable improvement has been achieved with re s pe c t  to the  
e f f i c i e n c y  o f  i n f e c t i o n  of  p r o t o p l a s t s  by i s o l a t e d  v i ra l  nuc l e i c  
ac i d .  30-40 % o f  tobacco p r o t o p l a s t s  were i n f e c t e d  wi th TMV-RNA 
at  a c o n ce nt ra t i o n  o f  0 . 6  ug/ml ( 3 3 ) ,  more than one thousand­
fo l d  improvement over the f i r s t  report  of  i n f e c t i o n  o f  pro t o ­
p l a s t s  with TMV-RNA (34) .  Brome mosaic v i rus  RNA, at  a concent ra ­
t i on  of  1 ug/ml ,  could g i ve  r i s e  to i n f e c t i o n  of  90 % o f  barl ey  
p r o t o p l a s t s  ( 3 0 ) .  The high e f f i c i e n c y  in t h i s  case  i s  dife p a r t ­
ly to the i s o l a t i o n  and i no c u l a t i o n  of  p r o t o p l a s t s  under s l i g h t ­
ly hypertoni c  c o n d i t i o n s .  Whether such c o n d i t i o ns  favour i n f e c ­
t i on  by RNA in other combinat ions  o f  v i rus e s  and pr o t o p l a s t s  
remains to be seen.  The improved e f f i c i e n c y  of  i n f e c t i o n  by RNA 
should permit  the undertaking o f  more p r e c i s e  experiments  than 
have p r e v i o u s l y  been f e a s i b l e  on the r o l e  of  i nd i v i dua l  RNA s p e ­
c i e s  o f  the v i r u s e s  with d i v i ded genomes.
F i n a l l y  there  has been some progress  in the method of  i s o l a t i o n  
of  p r o t o p l a s t s .  The enzymatic i s o l a t i o n  of  mesophyl l  pro t op l as t s  
us u a l l y  requi res  manual removal of  the epidermis  before  the 
l eaves  are s ubj ec t ed  to enzyme treatment .  We found that  the
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mesophyl l  t i s s u e s  o f  tobacco can be d i s s o c i a t e d  s imply by vacu­
u m - i n f i l t r a t i n g  unpeeled l e a f  p i e c e s  with macerozyme s o l u t i o n  
fo l l owed by shaking at  25°C ( I .  Takebe and K. Shimidzu,  unpub­
l i s h e d ) .  The r e s u l t i n g  mesophyl l  c e l l s  (a mixture o f  spongy and 
p a l l i s a d e  c e l l s )  are s ubs equent l y  converted i n t o  p r o t o p l a s t s  by 
c e l l u l a s e  t reatment .  A preparat i on  o f  macerat ing enzyme from Ä4 - 
pe.n.gilltu> japonic.u-6 appears to be a va l uabl e  a d d i t i o n  to the  
l i s t  o f  enzymes used f or  p r o t o p l a s t  i s o l a t i o n .  The preparat i on  
( c a l l e d  P e c t o l y a s e  Y-23) i s  unique in t hat  i t  co nt a i ns  pec t i n  
l y a s e  in a d d i t i o n  to p o l y g a l a c t u r o n a s e . This enzyme can be used 
in both the two- and on e - s t e p  procedures ,  and was found to be 
as a c t i v e  as Macerozyme R-10 at  a co n c e nt r a t i o n  lower by an o r ­
der of  magnitude ( 3 5 ) .  P o s s i b l e  unfavorable  e f f e c t s  o f  contami ­
nat i ng subs tances  are minimal wi th P e c t o l y a s e  Y-23 because of  
the low c o n c e nt r a t i o n  requi red.
Basic P r o p e r t i e s  o f  P r o t o p l a s t s  as a Host Cel l  System for  Plant  
Viruses
Being naked s i n g l e  c e l l s  suspended in a l i q u i d  medium, p r o t o ­
p l a s t s  have a number o f  unique p r o p e r t i e s  which are not shared 
by convent i onal  t i s s u e  m a t e r i a l s .  The most ba s i c  of  them w i l l  be 
b r i e f l y  r e f er red  to here ,  and t h e i r  consequence in s t u d i e s  on 
pl ant  v i r u s e s  d i s c u s s e d .
Of g r e a t e s t  importance to p l ant  v i rus  s t u d i e s  i s  o b v i o u s l y  the 
c a p a c i t y  of  p r o t o p l a s t s  to permit  s i mul taneous  i n f e c t i o n  o f  the  
major i ty  of  c e l l s .  In many i ns t a n c e s  around 90 l  or more of  the 
p r o t o p l a s t s  are i n f e c t e d  by b r i e f  co n t a c t  wi th the v i r u s ,  and,  
s i nc e  there  i s  l i t t l e  chance of  secondary i n f e c t i o n ,  the sub­
sequent  process  o f  v i rus  r e p l i c a t i o n  should proceed synchronous­
l y .  I t  i s  t h i s  property t h a t  permits  to the f o l l o w i n g  o f  the  
course of  i n f e c t i o n  event s  in i nd i v i du a l  i n f e c t e d  c e l l s ,  a task  
p r a c t i c a l l y  i mp o s s i b l e  wi th convent i onal  t i s s u e  ma t e r i a l .  Such a 
study was made f i r s t  us ing TMV in tobacco p r o t o p l a s t s  ( 3 6 , 3 7 )  
and i t  was shown that  the s y n t h e s i s  o f  v i r a l  RNA s t a r t s  wi t h i n  
4 hrs a f t e r  i n f e c t i o n .  Viral  RNA accumulates  in the e a r l y  phase 
of  i n f e c t i o n  as f r ee  or p a r t i a l l y  assembled RNA. In the l a t e r  
phas es ,  when the s y n t h e s i s  o f  coat  pro t e i n  becomes i n t e n s i v e ,  
however,  v i ra l  RNA i s  assembled i nt o  v i r i o n s  as soon as i t  i s  
made. In a d d i t i o n  to coat  p r o t e i n ,  two l a rg e  p o l y pept i des  
(140 , 000  and 180,000 d) are s y n t h e s i z e d  in i n f e c t e d  p r o t o p l a s t s .  
These po l y p e p t i d e s  have s i z e s  s i m i l a r  to the products  of  i n  v i t -  
>l o  t r a n s l a t i o n  o f  TMV-RNA, and are t h e r e f o r e  most probably v i r u s -  
- coded.  Coat pro t e i n  i s  made in much higher amounts than the  
l arge  p o l y p e p t i d e s ,  and i t s  s y n t h e s i s  becomes a c t i v e  l a t e r  than 
t ha t  o f  the l a t t e r .  These f i n d i n g s  c l e a r l y  i n d i c a t e  t h a t  the 
mode of  I n  v i vo  t r a n s l a t i o n  o f  TMV-RNA i s  not o f  the monoci s tron-  
i c  type known for picorna v i r u s e s  of  animal s ,  in which the en­
t i r e  span of  v i r a l  RNA i s  t r a n s l a t e d  i n t o  a very long po l ypept i de  
( p o l y p r o t e i n )  which subs equent l y  undergoes s p e c i f i c  p r o t e o l y t i c  
c l eavage  to produce i nd i v i dua l  gene products .
S i mi l ar  s t u d i e s  were more r e c e n t l y  made wi th tobacco r a t t l e  
vi rus  ( 3 8 ) ,  cucumber mosaic v i rus  ( 3 9 ) ,  cowpea c h l o r o t i c  mot t l e
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vi rus (40)  and brome mosaic v i rus  (41)  in tobacco p r o t o p l a s t s ,  
and wi th cowpea mosaic v i rus  in cowpea p r o t o p l a s t s  ( 4 2 ) .  Some of  
t h e s e  s t u d i e s  r e pr e s e n t  the f i r s t  documentat ion o f  how RNA s p e ­
c i e s  o f  the v i r u s e s  wi th d i v i ded  genomes are s y n t h e s i z e d  in i n ­
f e c t e d  c e l l s .  Whereas,  coat  pro t e i n  i s  the only v i r a l  pro t e i n  
d e t e c t a b l e  in i n f e c t e d  p l ant  m a t e r i a l s ,  s evera l  v i r u s - s p e c i f i c  
p r o t e i n s  have been found in the p r o t o p l a s t  systems and t h e i r  
course o f  s y n t h e s i s  s t u d i e d .  With potato  vi rus  X in tobacco pro­
t o p l a s t s ,  the format ion of  c h a r a c t e r i s t i c  i n c l u s i o n  body was 
shown not to precede the appearance of  progeny vi rus  ( 4 3 ) ,  thus  
e l i m i n a t i n g  the p o s s i b i l i t y  t ha t  the s t r u c t u r e  i s  the s i t e  of  
s y n t h e s i s  of  v i rus  components.
Because p r o t o p l a s t s  are s i n g l e  p l ant  c e l l s  compl e t e l y  separated  
from each o t h e r ,  they r e pr e s e n t  a system which i s  s t r i c t l y  at 
the c e l l u l a r  l e v e l .  This i s  another ba s i c  property of  p r o t o p l a s t  
systems,  and i t s  s i g n i f i c a n c e  i s  p a r t i c u l a r l y  c l e a r  when one 
s t u d i e s  the i n t e r a c t i o n  between two v i r u s e s .  I n f e c t i o n  o f  p lants  
by more than one vi rus  i s  q u i t e  common in nature ,  but ,  except  in 
a few c a s e s ,  i t  i s  not c l e a r  whether two d i f f e r e n t  v i r u s e s  i n ­
vade the same c e l l s  or they i n f e c t  d i f f e r e n t  c e l l s  in the same 
p l a n t .  In c o n t r a s t ,  the immunof luorescence t echni que  appl i ed  to 
p r o t o p l a s t s  has c l e a r l y  demonstrated t hat  two unre l a t ed  v i r u s e s  
can i n f e c t  the same c e l l ,  and that  there  i s  l i t t l e  i f  any i n t e r ­
f erence  between them in the i n f e c t i o n  of  p r o t o p l a s t s  ( 4 4 ) .  
Furthermore,  tobacco p r o t o p l a s t s  were shown to be i n f e c t e d  at  
high f r e q ue nc i e s  even by two c l o s e l y  r e l a t e d  s t r a i n s  o f  TMV (45).  
This f i n d i n g  c l e a r l y  i n v a l i d a t e d  t h e " e x c 1 us ion hypot hes i s"  which 
claimed on the ba s i s  o f  experiments  wi th l e a f  ma t e r i a l s  that  
only one TMV p a r t i c l e  can p a r t i c i p a t e  in the i n f e c t i o n  of  a t o ­
bacco c e l l .  Progeny vi rus  p a r t i c l e s  produced in the doubly i n ­
f e c t e d  p r o t o p l a s t s  have been examined f or  a n t i g e n i c  c o n s t i t u ­
t i o n  by e l e c t r o n  mi cros copi c  s e r o l o g y ,  and i t  was found that  
they are coated with a mixture of  pro t e i ns  of  the two s t r a i n s  
( 4 5 ) .  P r o t o p l a s t s  p r e v i o u s l y  i n f e c t e d  by one s t r a i n  o f  TMV, but 
not those  i n f e c t e d  by an unre l a t ed  v i r u s ,  were found to be r e ­
f r a c t o r y  to subsequent  i n f e c t i o n  by another s t r a i n  o f  TMV ( 4 6 ) .  
This o b s e r v a t i o n  seems to provide  a ba s i s  on which the mechanism 
o f  i n t e r f e r e n c e  between r e l a t e d  v i r u s e s  i s  to be s t u d i e d .  A 
s i m i l a r  f i n d i n g  has been reported more r e c e n t l y  wi th two s t r a i n s  
of  raspberry r i n g s po t  vi rus  ( 4 7 ) .
Being a system at the c e l l u l a r  l e v e l ,  p r o t o p l a s t s  are a l s o  u s e ­
ful  for  d i s c l o s i n g  as p e c t s  of  i n f e c t i o n  s p e c i f i c a l l y  a s s o c i a t e d  
with t i s s u e s .  Thus,  one of  the genes c o n f e r r i n g  r e s i s t a n c e  to 
TMV i n f e c t i o n  to tomato p l a nt s  was found not to be expressed  
p h e n o t y p i c a l l y  in tomato p r o t o p l a s t s ;  p r o t o p l a s t s  carry i ng  t h i s  
gene were as s u s c e p t i b l e  to i n f e c t i o n  by TMV as the p r o t o p l a s t s  
from s u s c e p t i b l e  l i n e s  of  tomato ( 4 8 ) .  I t  i s  h i gh l y  probable  
t ha t  the f unc t i on  of  t h i s  gene i s  to i n t e r f e r e  wi th an i n f e c ­
t i o n  process  at  a t i s s u e  l e v e l ,  p o s s i b l y  the c e l l - t o - c e l l  move­
ment of  v i r u s .  Most o f  the cowpea v a r i e t i e s  immune to cowpea 
mosaic v i rus  were l i k e w i s e  s u s c e p t i b l e  to i n f e c t i o n ,  when they  
were t e s t e d  as p r o t o p l a s t s  ( 4 9 ) .  A r e c e n t l y  i s o l a t e d  tempera­
t u r e - s e n s i t i v e  mutant of  TMV m u l t i p l i e d  f r e e l y  in p r o t o p l a s t s  
even at  n o n- pe r mi s s i b l e  temperatures  at  which i t  barel y  m u l t i ­
p l i e d  in l e a v e s .  Examination by immunof luorescence technique
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re vea l ed  that  in the i n o c u l a t e d  l e a v e s  kept at  non- permi ss i bl  e 
temperatures  v i rus  m u l t i p l i c a t i o n  was conf i ned  to p r i ma r y - i n ­
f e c t e d  c e l l s ,  showing t hat  the mutat ion i s  in the v i r a l  gene 
c o n t r o l l i n g  the spread o f  v i rus  in l e a f  t i s s u e s  ( 5 0 ) .
In tobacco l e a v e s  f u l l y  i n f e c t e d  by TMV, most o f  the l e a f  c e l l s  
are s a t u r a t e d  wi th progeny v i r u s ,  but there  are smal l  a re a s ,  
c a l l e d  green i s l a n d s ,  where l i t t l e  v i rus  i s  p r e s e nt .  When pro­
t o p l a s t s  were i s o l a t e d  from such l e a v e s ,  a renewed vi rus  m u l t i ­
p l i c a t i o n  occurred in the c e l l s  which a l ready conta i ned enor­
mous amounts of  v i r u s ,  and v i gorous  vi rus  r e p l i c a t i o n  a l s o  took 
pl ace  in the p r o t o p l a s t s  from green i s l a n d s  ( 5 1 ) .  This o bs erv a ­
t i o n  seems to s u g g e s t  t h a t  some unknown mechanisms operat e  at  a 
t i s s u e  l e v e l  to r e s t r i c t  the m u l t i p l i c a t i o n  of  v i rus .
Problems Emerged from the Findings  wi th Pr o t o p l a s t s
The ba s i c  assumption under ly i ng  the use of  p r o t o p l a s t s  in p lant  
v i r o l o g y  i s  the b e l i e f  that  the proces s  of  v i rus  r e p l i c a t i o n ,  
and a s s o c i a t e d  e v e n t s ,  are b a s i c a l l y  the same as thos e  in the 
c e l l s  of  i n t a c t  l e a v e s .  While the assumption seems to be l a r g e ­
l y  c o r r e c t ,  i ns t a n c e s  have been found where i n f e c t e d  p r o t o p l a s t s  
behave d i f f e r e n t l y  from the c e l l s  in l e a v e s .  A " c l a s s i c a l "  ex ­
ample i s  the l ack o f  n e c r o t i c  response  to TMV i n f e c t i o n  in t o ­
bacco p r o t o p l a s t s  ( 5 2 ) * The l eaves  of  tobacco v a r i e t i e s  carryi ng  
the N gene form l o ca l  l e s i o n s  upon TMV i n f e c t i o n  as a r e s u l t  of  
n e c r o t i c  c o l l a p s e  o f  i n f e c t e d  c e l l s .  P r o t o p l a s t s  of  the same 
v a r i e t i e s ,  however,  supported as a c t i v e  v i rus  m u l t i p l i c a t i o n ,  
and remained v i a b l e  as l o ng ,  as control  p r o t o p l a s t s  l acki ng  the  
N gene.  This unexpected obs e r v a t i o n  was i n t e r p r e t e d  as s u g g e s t ­
ing that  a c e r t a i n  type of  c e l l - c e l l  i n t e r a c t i o n  i s  invo l ved  in 
the e x p r e s s i o n  of  the N gene ( 5 2 ) ,  and t h i s  idea was supported  
by the re cent  report  that  n e c r o t i c  l e s i o n s  are not formed even 
in the l e a v e s ,  i f  c e l l - t o - c e l l  c o n t a c t ,  p o s s i b l y  through the 
pi asmodesmata, i s  broken by p i asmolyz i ng  the t i s s u e s  ( 5 3 ) .  
However,  nothing i s  known about the p o s t u l a t e d  c e l l - c e l l  i n t e r ­
a c t i o n ,  and o ther  e x p l a na t i o ns  do not seem to have been e x c l u d ­
ed .
I t  should be noted in t h i s  r e s pe c t  that  ev i dence  i s  accumulat ­
ing to show that  the metabol i sm o f  i s o l a t e d  p r o t o p l a s t s  d i f ­
f e r s  in some a s pec t s  from that  o f  l e a f  c e l l s  -in & l ta .  A remark­
able  r i s e  in RNase l e v e l  due to d& novo s y n t h e s i s  was demon­
s t r a t e d  in tobacco p r o t o p l a s t s  ( 5 4 ) ,  whereas the s y n t h e s i s  of  
f r a c t i o n  I pro t e i n  was found to decrease  markedly upon i s o l a ­
t i o n  o f  p r o t o p l a s t s  ( 5 5 ) .  I s o l a t i o n  of  p r o t o p l a s t s  i s  a l s o  ac ­
companied by changes in the l e v e l  and the pat t ern  o f  p o l y r i b o ­
somes ( 5 6 ) .  Some of  t h e s e  changes were ascr i bed to hyperos-  
mol ar i ty  of  the medium in which p r o t o p l a s t s  have to be main­
ta i ned ( 5 4 ) ,  whi l e  others  are probably the r e s u l t  of  i n t e r r u p ­
t i o n  o f  the n u t r i e n t  supply ( 5 6 ) .  The metabol i sm of  p r o t o p l a s t s  
may a l s o  be a f f e c t e d  by other f a c t o r s  such as the absence of  
c e l l  wa l l s  (57)  and the trauma caused by t reatment  wi th crude 
enzymes.  I t  i s  c l ea r  that  f ur t her  s t u d i e s  are needed to char­
a c t e r i z e  the metabol i sm of  p r o t o p l a s t s .  Some of  the p e c u l i a r
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behavior  of  p r o t o p l a s t s  with regard to v i rus  i n f e c t i o n  might  
turn out to be the r e s u l t  of  a s p e c i f i c  metabol i c  pat tern char­
a c t e r i s t i c  of  i s o l a t e d  p r o t o p l a s t s .
P r o t o p l a s t s  thus far  i noc u l a t ed  s u c c e s s f u l l y  wi th p l ant  v i rus es  
deri ved from those  t i s s u e s  and s p e c i e s  which had been- known to 
be invaded by the v i r u s e s .  However,  i n s t a nc e s  have r e c e n t l y  
been reported which dev i a t e  from t h i s .  As al ready ment ioned,  
tobacco n e c r o t i c  dwarf vi rus  i s  conf i ned in plant s  to the phloem 
t i s s u e s ,  none o f  the mesophyl1 c e l l s  being i n f e c t e d .  In c o n t r a s t ,  
mesophyl l  p r o t o p l a s t s  of  tobacco are r e a d i l y  i n f e c t e d  by the  
same vi rus  and support  vigorous  vi rus  m u l t i p l i c a t i o n  (18 ) .  -This 
f i n d i n g  c l e a r l y  i n d i c a t e s  that  the absence of  vi rus  in the meso­
phyl l  t i s s u e s  i s  not due to an i nherent  i n a b i l i t y  of  mesophyll  
c e l l s  to support  v i rus  m u l t i p l i c a t i o n .  I n t e r e s t i n g  ques t i ons  
t h e r e f o r e  a r i s e  as to whether some s o r t  o f  ba r r i e r  e x i s t s  which 
prevent s  the i nv a s i o n  of  mesophyl l  c e l l s  in l e a v e s ,  or a l t e r ­
n a t i v e l y ,  an unknown mechanism in l eaves  makes the mesophyl l  
c e l l s  immune to t h i s  v i r u s .
Most of  the hos t s  of  brome mosaic v i rus  are wi t h i n  the Graminae,  
and only a few s p e c i e s  o u t s i d e  t h i s  fami ly  are i n f e c t e d  by t h i s  
v i r u s .  I t  has r e c e n t l y  been repor t ed ,  however,  that  p r o t o p l a s t s  
of  radi sh l eaves  are r e a d i l y  i n f e c t e d  by brome 'mosaic v i rus  to 
produce s i g n i f i c a n t  amounts of  v i rus  ( 1 5 ) .  P a r a l l e l  t r i a l s  to 
i n o c u l a t e  radi sh l eaves  wi th the same vi rus  were u n s u c c e s s f u l ;  
i n f e c t i o n  of  l e a f  c e l l s  could be d e t e c t e d  n e i t h e r  by b i o l o g i c a l  
assay nor by i s o l a t i n g  p r o t o p l a s t s  from the i noc u l a t ed  l eaves  
fo l l owed  by examinat ion us ing the immunof luorescence techni que .  
This f i n d i n g  c a l l s  f or  a need to reexamine the concept  of  host  
range o f  p l ant  v i r u s e s ,  and at  the same time po i nt s  to the pos ­
s i b i l i t y  of  us ing p r o t o p l a s t s  o f  "non-host" plant s  as a host  
c e l l  system of  p l ant  v i r u s e s .
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ABSTRACT
With an enzyme mixture comprising pectate lyase.(EC 4.2.2.3) ,  a hemi-cellu- 
lase,  and a cel lulase (EC 3.2.1.4) ,  bacteroid containing protoplasts can be 
isolated from the root nodules of Centrosema pubescens, Glycine max., Pisum 
sativum, and Vigna unguiculata. The technique is also sui tablefor  the pro- 
duction of protoplasts from young roots.  A nodule protoplast system from
V.unguiculata was selected for further study. It possessed a functional t r i -  
carboxylic acid cycle,  a glycolytic pathway, and was capable of asparagine 
and glutamine inhibitable acetylene reduction. Culture on a variety of d i f ­
ferent media, with or without hormones, fai led to induce cell-wall  or callus 
formation, nor did the protoplasts synthesize DNA. Minor amounts of RNA and 
protein were elaborated however, and an occassional bacteroid completed di ­
vision.
Theoretically,  root nodule protoplasts should form the simplest symbiotic 
system between legumes and R’nizobium. Davey et al . (1)  f i r s t  described their 
isolation from nodules of Glycine max, while Hoh and Broughton (2) modified 
their technique for use with other plants.  Both these groups fai led to de­
monstrate an active nitrogenase enzyme (EC 1.7.99.2) within the protoplasts.  
Later, Broughton, Wooi, and Hoh (3) demonstrated acetylene reduction (a mea­
sure of nitrogen fixation) in root nodule protoplasts of V.unguiculata after 
a lag period of 24 to 48 h. As far as could be judged, the acetylene was 
reduced by bacteroids within the protoplasts.  The purpose of this communica­
tion is to report further properties of this system especial ly with regard 
to the relationship between carbohydrate metabolism and nitrogen fixation,  
and factors which control nitrogen fixation.
MATERIALS AND METHODS
Protoplasts were isolated from root nodules (inoculated with UMKL 76) as 
follows (see ref 4):
Freshly picked nodules were washed extensively with steri le di s t i l l ed water, 
sl iced tangential ly,  and immediately immersed in the following: "Rhozyme HP 
150" (a hemi-cellulase),  1 % (w/v); pectate lyase (EC 4.2.2.3) ,  0.5 % (w/v) 
in basal medium. Composition of the basal medium was: sorbitol ,  0.6 M; HEPES 
(N-2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid),  0.05 M; potassium 
dextran sulphate, 0.3 1 (w/v); KN0v  1 mM; KH?P0,, 0.2 mM; MgSO., 0.1 mM; 
CaCl2, 0.1 mM; KJ, 1.0 pM; CuS04 , 0.1 pM (pH 5.8).
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In al l  incubations, the ratio of enzyme solution to nodule s l i ces  was about 
10 to 12 ml per gram. After vacuum inf i l trat ion,  the s l i ces  were incubated 
on a horizontal rotary shaker (100 rev.min"') at 25°C for 1 h. Then the su­
pernatant was discarded, the t issue s l i ces  washed in s teri le  basal medium, 
and teased apart. The outer ring of cortical  tissue surrounding each sl ice  
was discarded, and the bacteroid containing ce l l s  were incubated in basal 
medium containing 0.5 % (w/v) pectate lyase and 1 % (w/v) bovine serum albu­
min for a further 5 h. The mixture was then f i l tered through fine stainless-  
steel  gauze (about 100 pM mesh), and the protoplasts released in 1 % (w/v) 
cel lulase (EC 3.2.1.4)  dissolved in basal medium (1 h incubation). Proto­
plasts were allowed to set t l e  under gravity,  and washed free of contaminat­
ing rhizobia by serial  decantation (about twelve times) in twenty volumes 
of s teri le  basal medium without KN0, (3).  Actual handling of the protoplasts 
was restricted to a minimum, and made as gentle as possible.  If the proto­
plasts were required for later use, they were stored in basal medium and 
washed extensively just before use. Contamination was checked routinely by 
plating protoplast samples on the agar medium of Child and LaRue (5) which 
also contained 0.6 M sorbitol .
Acetylene reduction was assayed as described by Williams and Broughton (6),  
respiration was followed by measuring carbon dioxide production with a gas 
chromatograph (4),  and the various metabolic act ivi t i es  expressed on a dry 
weight of protoplast basis (4).  Various substances (carbohydrates, hexose 
phosphates, pyruvate and tricarboxylic acid cycle intermediates,  amino 
acids and nucleotide phosphates) were added to the protoplast suspensions 
as described by Wool and^Broughton ( 4 ) , . Nucleic acid and protein metabolism 
was followed by adding '^C-thymidine, JH-uridine and 14C-valine to proto­
plast suspensions, incubating for various periods of time, col lecting the 
ce l l s  on glass-fibre discs,  washing the discs free of unreacted label 
with trichloroacetic acid and ethanol,  and counting them in a scint i l lat ion  
solvent (6).  Protoplasts were cultured on a variety of media based on that 
of Murashige and Skoog (7),  but also containing sorbitol (0.5 M), sucrose 
(2.5 t  w/v),  casein hydrolysate (0.1 % w/v).  Other compounds (2.4-dichloro-  
phenoxyacetic acid - 0 to 5 ppm), benzyl adenyl purine (0 to 1.0 ppm), 
naphthylene acetic acid (0 to 5 ppm) and thiamine (1 ppm) were also added 
in many different concentrations, and combinations.
RESULTS
Root-nodule protoplasts of V.unguiculata are heterogenous in both size and 
shape (Fig.1).  They range in length from 35 to 135 pm and in width from 35 
to 95 pm. About 5 x 10° protoplasts set t l e  into a volume of 1 ml. Yields 
were in the range of 30 to 50 mg dry weight of protoplasts per gram fresh 
weight of nodules. The absence of a cell  wall was shown by fluorescence 
microscopy, and the abi l i ty to burst under pressure (4).
Routine checks showed l i t t l e  or no bacterial contamination when protoplasts 
were plated on agar suitable for the growth of G.max cal lus.  We take this ,  
together with the facts that: (a) a lag period in acetylene reduction is a l ­
ways observed in freshly isolated,  but not older,  protoplasts,  and (b) we 
have never observed \ -thymidine incorporation into protoplasts (suggesting 
no bacterial multipl ication),  to mean that the acetylene reduction observed 
(Fig.2) occurs within the protoplast.  Whilst these criteria ef fect ively  
rule out nitrogen fixation associated with bacterial contaminants, we can­
not exclude the possibi l i ty that the acetylene reduction observed occurs 
in bacteroids imbedded in the cytoolasmic matrix. Under the microscope, a
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Fig., 1. a. Light micrograph of a group of freshly isolated V.unguiculata 
protoplasts,  b. Micrograph of a single isolated protoplast.  The granular 
appearance is due to bacteroids.
large proportion of cel l s  appear intact,  but we can see no way of showing 
that these,  and these alone are the ones responsible for the acetylene re­
duction .
In basal media, acetylene reduction develops 24 to 36 h after protoplast
(nmol mgdry weight)
Fig. 2.a. Effect of glucose and succinate (40 pmol to 1.5 ml of gravity pack­
ed protoplasts) on the development of acetylene reduction act ivi ty in V.un- 
guiculata root nodule protoplasts.  ^  Effect of various amino acids (final  
concentration 1.08 x 10 M^) on the rate of acetylene reduction of V.ungui- 
culata root-nodule protoplasts.  Protoplasts were 2.5 d old at the beginning 
of the experiment. In both cases "Control" samples were incubated in basal 
medium, and each point represents the mean of duplicate determinations.
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iso lation, and continues to increase in activ ity  over a period of several 
days (Fig.2a).  Various additions to the basal medium have varying effects  
on the rate of both acetylene reduction and respiration. Of the various car­
bohydrates tested, arabinose, glucose and myo-inositol had l i t t l e  ef fec t  
and in some cases glucose was inhibitory. This was not true of the phospho- 
rylated glucose derivatives, or of fructose-1,6-diphosphate which markedly 
stimulated acetylene reduction but had l i t t l e  e f fec t on carbon dioxide pro­
duction. Similar effects  were observed with c itra te ,  malate, and phospho- 
(enoljpyruvate. Amino acids had effects  ranging from markedly stimulatory 
(lysine) to inhibitory (asparagine and glutamine). Again, these effects  were 
less  marked with respect to respiration, which both asparagine and glutamine 
stimulated. Apart from UTP, all the nucleotide triphosphates stimulated both 
acetylene reduction and respiration, though some l ike ATP enhanced acetylene 
reduction more than carbon dioxide production. Other adenine phosphates 
l ike AMP, cAMP, ADP e t c . ,  stimulated respiration, more than acetylene reduc­
tion. Acetyl phosphate had no effec t on acetylene reduction (the phosphoro- 
c last ic  reaction is absent from symbiotic nitrogen fixing systems).
3Fig. 3. a. Rate of incorporation of H-uridine into RNA by protoplasts in­
cubated in Murashige and Skoog (7) medium, b. Incorporation*of C-valine 
into trichloroacetic acid insoluble products by protoplasts incubated in 
Murashige and Skoog medium (7).  Ages of the protoplasts were as follows:
•  1 d; 0 3  d; A 5 d; and A 7  d old. Results are means of duplicate de­
terminations.
The rate of L-valine incorporation into TCA-precipitable products by proto­
plasts incubated in Murashige and Skoog medium (with 0.5 M sorbitol) de­
creased with increasing age of the samples (Fig. 3b). No appreciable L-va- 
l ine incorporation was observed in protoplasts incubated in basal medium. 
Taken together these data suggest that neither medium is suitable for the 
prolonged growth of the protoplasts. Protoplast samples incubated in Mura­
shige and Skoog medium (with 0.5 M sorbitol) incorporated minor amounts of 
uridine into RNA (Fig. 3a). The rate of RNA synthesis reached a maximum in 
three day old protoplasts and declined thereafter. Oulture of protoplasts of
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different ages on a variety of media fai led to induce cell  wall formation 
or cal lus growth. There was no evidence for DNA synthesis in all  the proto­
plast samples tested.
DISCUSSION
A heterogenous population of bacteroid-containing protoplasts can be i so­
lated from the root nodules of V.unguiculata.
Preliminary experiments have shown that the technique is also suitable for 
their isolation from the root nodules of Centrosema pubescens, Glycine max, 
and £i_sum sativum. With s t r ic t  control of the procedure, axenic cultures can 
be produced” in about 12 h. Under appropriate conditions,  tissue imbedded in 
the cytoplasmic matrix of these protoplasts will  reduce acetylene to ethy­
lene.  Intermediates of the glycolytic pathway and the tri-carboxylic cycle 
stimulate acetylene reduction, while asparagine and glutamine inhibit i t .  
Intra-experimental variabi l i ty,  as measured by acetylene reduction, is at 
the most twenty to twenty-five percent, and often l ess .  Such variation is 
within the l imits of that normally observed with Rhizobium infected callus 
cultures (cf 8).
At f i r s t  sight ,  the declining RNA and protein synthesizing capability sug­
gests that the protoplasts may be moribund. In vivo protein synthesis de­
cl ines with increasing age of bacteroids however (9).  Senescence may there­
fore be a property of aging bacteroids than of the system per s e . Lack of 
DNA synthesis,  as well as declining RNA and protein synthesis undoubtedly 
account for the fai lure of the protoplasts to regenerate cel l  walls and to 
divide in culture.
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Abstract
Protoplast fusion results from the coalescence of cell 
membranes and the mixing of cytoplasms following contact. Zeta 
potentials at the protoplast surface gQyern approach, while 
interfacial energies regulate the consequences of contact. The 
interfacial energies of protoplasts from Zea mays and Aureoba- 
sidium pullulans have been measured by a new technique involving 
polymeric aqueous coacervate systems. Spreading tensions 
correctly predicted the type of fusions which occurred. There 
was a direct relation between the expected free energy of 
fusion, calculated from surface energies, and the observed free 
energy of fusion, calculated from equilibrium coefficients.
These results demonstrate the utility of surface physics in the 
prediction of the degree of success to be expected from cell 
fusion media.
I. Introduction
The fusion of protoplasts is one of the most promising and 
widely applicable methods of genetic manipulation known today. 
Successful protoplast fusion experiments have yielded new 
strains of Saccharomyces and have resulted in inter-specific 
crosses such as the tomato-potato hybrid reported by Melchers 
et al. (5) .
The methodology of fusion, however, is poorly defined and 
unpredictable at this time. Usually, protoplasts are fused in 
relatively high concentrations of polyethyleneglycol (e.g.
30%). It is the purpose of this paper to discuss the biophysi­
cal principles of protoplast fusion and to demonstrate how 
these physical principles apply to the formation of inter­
specific fusions between protoplasts from Zea mays (monocot) 
and Aureobasidium pullulans (fungi).
II. Theory
Interspecific protoplast fusion requires the approach, 
contact and coalescence of 2 different types of protoplasts. 
These are physical events rather than biochemical ones, and
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the appropriate description of this process is given in terms 
of surface physics. In this section we will describe the 
predominant physical events occurring during fusion.
Approach between protoplasts is primarily determined by 
the long-range electrostatic forces resulting from the zeta 
potential present at the cell surface. The achievement of 
intimate contact occurs when the van der Waals forces acting 
at the protoplast surfaces begin to overlap. The net van der 
Waals forces determine the interfacial energy at the proto­
plast-medium interface. The result of this interaction can be 
either complete or partial protoplast fusion, or the total 
failure of attachment and coalescence. This second step is 
thus determined by the interfacial energies of the protoplasts.
It is important to recognize that these considerations 
are thermodynamic in nature and thus describe the final, 
equilibrium condition with disregard for kinetics.
1. Zeta potentials:
The zeta potential is the apparent net surface charge of 
a particle suspended in a fluid. It is determined from the 
electrophoretic mobility of the particle. Zeta potentials of 
similar particles from a single source tend to be similar in 
both sign and magnitude for a given suspension medium, al­
though for biological cells there is always a distribution of 
zeta potentials. For instance, the zeta potential of red 
blood cells in physiological saline is -18 mV (8) .
Particles having high zeta potentials of the same charge 
will not approach closer than the point at which the forces of 
Brownian motion equal those of electrostatic repulsion. In 
practice, it is found that contact between particles does not 
occur unless average zeta potentials are reduced to 0+ 5mV. 
Reduction of the zeta potential to within this range allows 
contact and flocculation in such diverse system as clay sus­
pensions, dye suspensions, the products of biological waste 
treatment, bacterial suspensions, and cell suspensions.
Methods of reducing zeta potentials include pH adjustment, 
the well-known Schultz-Hardy rules (e.g. the use of di- and 
trivalent ions), and the use of polyionic polymers which both 
neutralize the zeta potential and bridge between the suspended 
particles. Addition of both charged and neutral polymers 
often aids the kinetics of aggregation, but prevents intima£<p 
contact between the particles. The importance of pH and Ca 
(most cells have a negative zeta potential) in protoplast 
fusion (11) supports consideration of cell aggregation in 
terms of flocculation. Polyethyleneglycol may enhance cell 
aggregation by bridging, but also certainly affects the inter­
facial tension between the cells and the surrounding medium 
(see below).
2. Surface energies:
Once intimate contact between protoplasts has been 
established, the final equilibrium outcome is entirely depend-
GERSON ET AL.
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ent on the interfacial energies (y.) between the protoplasts 
and the medium. Measurement of the interfacial energy at the 
cell surface will be discussed below. For the fusion of 
dissimilar protoplasts in a given fusion medium, the three 
interfacial energies which totally determine the outcome are: 
Yp-iM/ Yp2m an,3 Yp1p2' where for example yp M is the interfa­
cial energy betwéén protoplast 1 (Pi) and the medium (M).
The consequences of a given set of interfacial energies 
can best be determined from the spreading energies (S), which 
are calculated with equations la,b,c.
YP2M (yP.jM + YP P  ^1 2
(la)
y p1m (y p2m .+ Yp p ) 1 2
(lb)
yp p 1 2 ^P-jM
+ s<N
a*
>- (lc)
where S = spreading energy 
P^= protoplast type 1 
P2= protoplast type 2 
M = medium
Y = interfacial energy.
In each case, the spreading energy gives the tendency for a 
given phase to spread on a second phase while both are im­
mersed in a third. If the spreading energy is positive, 
spreading will occur, otherwise it will not occur (9).
In any given system, at least one spreading energy will 
be negative, it is a useful convention to designate this 
spreading tension as Si. The three possible combinations of 
spreading energies given in Table 1 correspond to the 3 
possible results of the interaction of 2 different protoplasts 
in a liquid medium (Fig. 1). Combination (a) results in the 
complete failure of fusion.
Table 1: Effect of Spreading Energies on Protoplast Fusion
Spreading Energies
S1 S2 S3
Consequence 
for Fusion
a) <0 >0 >0 Complete Separation
b) <0 <0 <0 Partial fusion
c) <0 <0 >0 Complete fusion
Combination (b) results in partial fusion or clumping. 
Combination (c) results in either complete engulfment of one 
protoplast type by the other or in complete fusion of the
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Table 1. Three combinations of spreading energies in a
mixture of 2 types of protoplasts. By convention,
S <0.
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cells. The fate of the engulfed protoplast is determined by 
other factors which are discussed below.
Figure 1. Pathways of protoplast fusion.
Figure 1 diagrams these possibilities and summarizes the 
processes leading to fusion. In step 1 to 2, zeta potential 
is reduced; in step 2 to 3, aggregation is promoted; and in 
step 3 to 4 the consequences of the surface energies take 
place. In stage 4, the coalescence of like protoplasts (1-c 
and 3-c) is much more likely then non-coalescence (1-a, 1-b, 
3-a and 3-b), which generally results from a kinetic problem 
and will only result when the membranes are highly viscous. 
Likewise, coalescence of unlike protoplasts can result either 
in the complete mixing of the different cytoplasms or in 
engulfment without mixing (2-c). Engulfment without mixing 
can result from either a highly viscous membrane surrounding 
the engulfed protoplast, or coacervation phenomena (1). The 
interaction of unlike protoplasts given in Figure 1, step 4 
corresponds directly to the 3 combinations of spreading ener­
gies given in Table 1.
The basis for the measurement of the surface energies of 
cells has been given by Gerson (2) and Van Oss, et al. (8), 
but will be summarized below.
Ill. Methods
Surface physics:
Surface tension (y ) was measured with a de Nouy 
surface tensiometer having a strain guage transducer. Contact 
angles were measured directly from magnified images of the 
drop resting on a surface.
The method for determining the surface energy of proto­
plasts was as follows. Protoplasts were collected from an 
appropriate suspension medium on a Millipore filter which was 
removed from the filter holder before all the liquid had 
passed in order to prevent drying of the protoplast surface.
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This was immersed in the suspension medium in a Costar 3025 
culture flask from which the upper surface had been removed. 
Drops of either FC-40 (a fluorcarbon liquid of low surface 
tension, y =16 dynes/cm, produced by 3M) or a matching 
coacervate isee below) were placed on the layer of protoplasts 
and the contact angle was measured. Great care was taken to 
prevent drying of the protoplasts, as problems resulting from 
drying are a major experimental difficulty in the work of van 
Oss et ad.. (8) .
Calculation of the surface energy of the protoplasts can 
be accomplished from contact angles in this 2-phase liquid- 
liquid system provided the interfacial tension between the 
liquids is known. Given these, the interfacial energy between 
the protoplasts and each phase can be calculated using the 
method of Neumann, et ad. (6). This method has been shown to 
have a high degree of consistency and utility in both biologi­
cal and engineering applications.
The use of coacervates to measure the interfacial tension 
of cells has not been reported previously. In order to 
determine the surface energy of a plane surface, it is neces­
sary to be able to form a drop having a finite contact angle 
on that surface. This occurs when the interfacial energy 
between the surface and the surrounding medium is less than 
that between the drop and the surrounding medium. In the case 
of cells in an aqueous medium, the interfacial energy is often 
very low (e.g. 1.0-0.01 ergs/cm2). This requires that the 
interfacial energy between the 2 immiscible liquids be similar­
ly low. The pure liquids with the lowest known surface ener­
gies are fluorcarbons (e.g.FC-40), they are also of relatively 
high density which facilitates measurement. However, the 
interfacial tension is not low enough, and contact angles on 
cells are often very high (e.g. 150 ). Greatest accuracy in 
this method is obtained for contact angles between about 45° 
and 135°.
To solve the problem, it was necessary to find pairs of 
immiscible, non-toxic, relatively osmotically inactive liquids. 
One approach is to use fluorcarbons or hydrocarbons with 
surfactants, but often these will cause cell lysis. An entire­
ly satisfactory and highly versatile solution to the problem 
is to use polymer systems demonstrating coacervation, or phase 
separation. Mixtures of this type are in wide use for cell 
and particle separation (1), and, in fact, separate cells and 
particles according to their surface energy (10).
Here, a mixture of 5% (w/v) polyethyleneglycol (PEG;
20,000 MW) and 5% Dextran (Pharmacia; 500,000 MW) was used to 
form the 2-phase system. The upper phase consisted primarily 
of dextran, while the lower phase was primarily PEG. Proto­
plasts were immersed in the light phase and drops of the heavy 
phase were placed on the protoplast layer; contact angles were 
well within the limits required for accurate determinations of 
surface energy. A great advantage to the use of 2-phase 
polymer systems is that the interfacial tension between the 
phases is adjustable by altering the concentrations of the
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compounds (1). Thus, the optimal contact angle range for a 
given cell surface can usually be obtained without having to 
resort to a totally different 2-phase system. In addition, it 
is advantageous to use aqueous solutions for the determination 
of cell surface energy (10).
Measurement of the interfacial energy be'tween the coacer- 
vate phases is potentially difficult. Albert'sson(l) uäed the 
spinning drop technique (7), which is generally difficult and 
at best problematical in the case of 2-phase polymer systems 
because of centrifugal effects. A useful and new method for 
measuring low interfacial tensions between liquids is to 
measure the contact angle of a drop of one liquid immersed in 
the other on a surface of known surface energy. It is 'then 
relatively simple to calculate the interfacial tension between 
the liquids using Neumann's equations (6). Again, to obtain 
accurate results, an appropriate solid must be chosen so that 
contact angles are between 40 and 135 . For aqueous polymer 
systems, agar and other gels give good results, but the solid 
of choice in this case was Nylon 6-6. Using this method, the 
interfacial energy between the 2 phases of the 5% PEG - 5% 
dextran system used here was found to be 1.01 ergs/cm2.
Protoplasts and fusion:
Protoplasts from Zea mays were prepared according to 
the method of Meadows and Walden (3,4). Briefly, this method 
is as follows. Seneca 60 seedings were grown for 21 days in 
the greenhouse, and placed in a dark, humid chamber 16 hours 
prior to use. The unrolled leaves surrounding the apex were 
floated on a solution of 0.5% cellulase (Onozuka R-10) in 9% 
mannitol and Zapata's salts at pH 5.5. This was shaken at 125 
RPM for 3 h at 23 C, filtered and centrifuged. Protoplasts 
were washed twice in medium lacking cellulase. Protoplasts 
from Aureobasidium pullulans were prepared with 0.5% Driselase 
under anaerobic conditions from non-pigmented yeast-like cells 
in 20% sucrose, 50mM Tris and lOmM MgSOi, at pH 7.3. Fusion was 
performed in this medium plus 30% (w/v) polyethylene glycol 
(20,000 MW).
I V .  R e s u l t s
Surface energies of protoplasts:
Using the 2-phase polymer system, the contact 
angles of the dense phase on the protoplast surface were 
measured. For Zea mays protoplasts the contact angle was 
66.4° and for protoplasts from A;_ pullulans, the contact angle 
was 130.7°. From these data alone, it is relatively safe to 
conclude that Ap protoplasts will be engulfed by Zm proto­
plasts in PEG, however a full analysis is as follows.
Table 2 gives the interfacial energies of both types of 
protoplasts in the PEG-rich and dextran-rich phases. In the 
PEG-rich phase, the interfacial energy of Zm protoplasts is
0.092 ergs/cm2, and that of Ap protoplasts is 0.691 ergs/cm . With 
respect to this phase, Ap protoplasts are much more hydro- 
phobic than Zm protoplasts.
GERSON ET AL.
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Table 2: Surface and Interfacial Energies of Protoolasts
surface properties Protoplast type
in PEG/dextran* Zm Ap
contact angle 66.4° 130.7°
0.092 0.69. Pj. 
Yp2 0.500 0.031
YP-air 55.44 55.47
YP P ' 1 2 0.28 2* l=PEG-rich phase, 2=dextr.an-rich phasé, Y=ergs/cm
The type of interaction to be expected in the PEG-rich 
phase can be determined from the spreading energies, as indi­
cated above. Spreading energies are given in Table 3 for each 
phase using the standard convention. For the PEG-rich phase, 
one would predict complete engulfment of Ap protoplasts by Zm 
protoplasts, for the dextran-rich phase the opposite may occur 
but is geometrically hindered.
Table 3: Spreading Energies of Protoplasts in PEG/Dextran
Phase System
PEG (A) *______Dextran (B) *
Spreading energy 
, 2.
A. Y,
B. Y
P-7 L oZm 2
- 0.88 - 0.75
S2 - 0.50 - 0.25
S3 + 0.32 + 0.19
. * ,pzmLl ’
1 = Ap, 2 = PEG, 3 = Zm
> Y :, 'P* L_: Ap 2
 1 = Zm, 2 = Dextran, 3 = Ap
The free energy of engulfment can be calculated from 
these data as well and gives an indication of the yield of 
fusion products to be expected (assuming reversibility and 
equilibrium). For the engulfment of Ap protoplasts by those 
of Zea mays, the net free energy change is given by equation 
(2 ) .
AGnet YP P “ YP L Zm Ap Ap 1
[Zm/Ap]
-RT£n -------
[Zm][Ap]
( 2 )
Disequilibrium or the presence of undetermined effects 
(e.g. surface charge or surface roughness) may add another 
free energy term to the right-hand side of equation 2, thus, 
exact equality probably will not be observed, but proportion­
ally between the free energy calculated from surface energies 
and that calculated from concentrations should be observed.
b) Fusions:Fusions were performed as described above in PEG and the
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engulfment of Ap protoplasts by Zm protoplasts was observed 
(Fig. 2).
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Figure 2. Engulfment of protoplasts of Aureobasidium 
pullulans (Ap) by a protoplast of Zea mays (Zm).
Counts of the numbers of the various combinations 
are given in Table 4.
Table 4: Fusions of Zm and Ap Protoplasts 
Combination % observed
Ap/Ap 62%
Ap/Zm 27%
Zm/Zm 11%
Intraspecific fusions between Zm protoplasts were less 
common from either interspecific fusions or Ap intraspecific 
fusions. This result is related to the surface energies of 
the protoplasts. Figure 3 gives the relation between the free 
energy of adhesion between the 3 combinations (AGs), calcu­
lated from only the interfacial energies, and the observed 
free energies of fusion (AGobs) determined from equation 2.
As expected, there is a linear relation between the observed 
fusions and that predicted from the interfacial energies. The 
results in Figure 3 demonstrate that consideration of inter­
facial energies allows qualitative prediction of the outcome 
of a cell fusion experiment. The slope and intercept of the 
line in Figure 3 depend on specific characteristics of both 
the cells and fusion conditions.
Engulfment of Ap protoplasts by Zm protoplasts did not 
result in the dissolution of the Ap protoplast in the Zm 
cytoplasm. This could result either from a high interfacial 
energy at the Zm cytoplasm - Ap membrane interface, a high Ap 
membrane viscosity or coacervation phenomena involving the 
constituents of the 2 cytoplasms.
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Figure 3. Relation 
between observed and ex­
pected free energies of 
fusion.
Expected vs. Observed AG of Fusion
V. Conclusions.
It has been demonstrated that both intraspecific and 
interspecific fusions of protoplasts from Zea mays and Aureo- 
basidium pullulans are predictable from the interfacial 
energies of these protoplasts in the fusion medium. A new 
method for determining the interfacial energy at the cell 
surface has been described involving aqueous polymeric coa- 
cervates such as polyethyleneglycol and dextran. In addition, 
a new method has been described for determining the inter­
facial energy between immiscible liquids by the use of a 
reference solid. Clearly, the application of surface physics 
to the methodology of cell fusion could allow rapid screening 
for the determination of the optimal composition of fusion 
media.
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INTRODUCTION
The plasma membrane i s  the major b a r r i e r  s e p a r a t i n g  the c e l l s  
from t h e i r  environment  and i t s  importance in the r e g u l a t i o n  of  
a number o f  p r o c e s s e s  at  the c e l l u l a r  l e v e l  has long been r e ­
cogni zed .  The l i p i d  c o n s t i t u e n t s  of  the b i l a y e r  and t h e i r  
phy s i co - chemi ca l  s t a t e s  are b e l i e v e d  to be i nvo l ved  in the con­
t ro l  o f  membrane f u n c t i o n .  In c o n t r a s t  to animal c e l l s ,  our i n ­
format ion about the compos i t i on  and t r a n s i t i o n a l  s t a t e  o f  the  
outer  plasma membrane of  p l ant  c e l l s  ( t he  p l asma1emma) ,  l a r g e l y  
due to t e c h n i c a l  d i f f i c u l t i e s  encountered during i t s  i s o l a t i o n ,  
are fragmentary and i n d i r e c t  ( 1 ) .  S ince  the plasmalemma has 
f u n c t i o n s  rat her  d i f f e r e n t  from those  of  the endoplasmic r e t i ­
culum or c h l o r o p l a s t s ,  e f f o r t s  to l earn more about i t s  c o n s t i t u ­
t i o n  and phys i co - chemi ca l  s t a t e  are warranted.  A unique p o s s i ­
b i l i t y  to gain inf ormat i on  about the behaviour of  the plasmalem­
ma during phase t r a n s i t i o n  i s  to i nc o rpo ra t e  spin  l a b e l e d  f a t ­
ty ac i ds  in the plasma membrane o f  i s o l a t e d  p r o t o p l a s t s  and to 
s tudy the mot ional  r e l a t i o n s  in the membrane under various  
p h y s i o l o g i c a l  c o n d i t i o n s .
MATERIALS AND METHODS
P l a n t s . Leaves of  7 -day- o l d  Tu l t i c.um a k t í v u m  L. cv.  Miranovs-  
kaya 808 and cv.  Penjamo 62 were used for  p r o t o p l a s t  prepara­
t i o n  as descr i bed e a r l i e r  ( 2 ) .  The l eaves  cut  i n t o  0 . 5  mm pieces
were i ncubated wi th 0 . 5  M g l ucos e  and 1 . 4  mM CaC12 at  pH 6 . 0  for
3x20 mi nutes .  Then the c e l l s  were d i g e s t e d  wi th 2 % Onozuka R-10,
0 . 5  % Rhozyme and 1 % p e c t i n a s e  in a buf f e r  s o l u t i o n  c o nt a i n i ng  
3 mM MES, 0 . 6  mM NaHgPO^, 7 mM CaCl2 , and 0 . 5  M s o r b i t o l  at  pH
6 . 4  ( 3 ) .  Af t er  a s u i t a b l e  i ncubat i on  time the p r o t o p l a s t s  form­
ed were sedimented by c e n t r i f u g a t i o n  (1000 rpm),  washed,  and re ­
suspended in the above b u f f e r .  The average y i e l d  was around 
5x106 p r o t o p l a s t s  per g of  l e a f  t i s s u e .
Spin l a b e l i n g  t e c h n i q u e . The s tock  s o l u t i o n  ( i n  chloroform)  of  
spin l a be l e d  f a t t y  acid ( 2 - / 1 4 - C a r b o x y t e t r a d e c y l / - 2 - e t h y l - 4 , 4 -
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- d i me t h y l - 3 - o x a z o l i d i n y l o x y l  , a Syva product)  was evaporated  
onto the bottom o f  an Erlenmeyer f l a s k ,  and shaken with the a- 
bove buf f e r  cont a i n i ng  5 % bovine serum albumin,  in a volume 
to g i ve  0.1 % s o l u t i o n  of  f a t t y  a c i d .  Usual ly  16 hours were nec­
e s s ary  to complex a l l  the f a t t y  ac i ds  ( 4 ) .  7 . 0x10°  p r o t o p l a s t s  
were g ent l y  shaken in the presence  of  200 yl  buf f er  s o l u t i o n  con­
t a i n i n g  the spin l abe l  enri ched BSA for  one hour.  Then the un­
reacted spin l abe l  was removed by repeated washings and ge n t l e  
c e n t r i f u g a t i o n s .  F i n a l l y ,  the p r o t o p l a s t s  were taken up in 100 
y 1 o f  the o r i g i n a l  buf f e r .  The v i a b i l i t y  of  the p r o t o p l a s t  s u s ­
pens ion was not a f f e c t e d  by the spin label  t reatment .
The ESR s pec t ra  were taken with a JE0L JES-PE-1X s pect romet er .  
Eval uat i on of  the s pec t ra  was according to ( 5 ) .  Resul t s  are ex ­
pressed in terms of r o t a t i o n a l  c o r r e l a t i o n  t i me ,  t c . which i s  
d i r e c t l y  proport i ona l  to the m i c r o v i s c o s i t y  of  the system.  High­
er values  re pr es ent  more r i g i d  membranes.
The p r o t o p l a s t  s u s p e n s i o n ,  a f t e r  proper i ncubat i on  in spin labe l  
cont a i n i ng  b u f f e r ,  ex h i b i t e d  an ESR s i g na l  c h a r a c t e r i s t i c  of  
ordered l i p i d  l ayers  (Fi g .  1a j . As far  as the l o c a l i z a t i o n  of
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Figure 1. Typical  ESR 
spectrum of  the 
p r o t o p l a s t  {a_) 
and c h l o r o p l a s t  
(])) suspens i on
In the upper r i g ht  hand 
corner the s t r u c t u r e  of  
the spin probe used i s  
gi ven.
the spin probes i s  concerned,  the most l i k e l y  candi date s  are  
the plasma membrane and the c h l o r o p l a s t  membrane which amount 
to 10 % and 65 %, r e s p e c t i v e l y ,  (6)  o f  the t o t a l  c e l l  membrane 
s u r f a c e s .  I t  i s  very important  to note that  because i n t a c t  c e l l s  
were i n v e s t i g a t e d  the outermost  plasma membrane was the main 
t a r g e t ,  and there  was only a minor c o n t r i b u t i o n  from the chl oro-  
p l a s t s  s i n c e  the n i t r o x i d e  group was r e a d i l y  reduced in the  
cytopl asm.  This q u a l i t a t i v e  o b s e r v a t i o n  was confirmed by the  
comparison of  the ESR spectrum of  the p r o t o p l a s t s  (Fi g .  la_) and 
t ha t  o f  c h l o r o p l a s t s  i s o l a t e d  from the same p r o t o p l a s t  sus pen­
s i on  (Fi g .  1]d) ; the observed s p e c t r a  could be b e s t  f i t t e d  with  
s i g n i f i c a n t l y  d i f f e r e n t  spectrum parameters  ( e . g .  order para­
meter and r o t a t i o n a l  c o r r e l a t i o n  t i me ) .  On the bas i s  o f  t hes e  
f i n d i n g s  we conclude that  the observed s pec t ra  can be ascr i bed  
e x c l u s i v e l y  to spin probes embedded in the plasmalemma.
I n d i r e c t  ev i dence  in favour of  the above c o n c l u s i o n  was pro v i d ­
ed by experiments  in which the e f f e c t  o f  Ca++ on membrane f l u ­
i d i t y  was measured.  Calcium,  s i m i l a r l y  to other  b i v a l e n t  ca ­
t i o n s ,  i s  known to bind in the l i p i d  head-group r e g i o n 1, t h e r e ­
by condens ing the i n t e r f a c e ,  which r e s u l t s  in an i nc r e a s e  in 
membrane m i c r o v i s c o s i t y  ( 7 ) .  Since the membrane i s  impermeable  
to exces s  ca l c i um,  Ca++ a f f e c t s  pr i mar i l y  the outermost  mem­
brane,  the plasmalemma only .  As shown in Fig.  2,  the mot ional  
freedom of  the spin probes gradua l l y  decreased with i n c r e a s i n g  
calcium c o n c e n t r a t i o n .  The i ncubat i on  medium used f or  p rot op l as t  
i s o l a t i o n  a l s o  conta i ned Ca++- Thus,  i t  i s  i n t e r e s t i n g  to s p e ­
c u l a t e  how, by mani pul at i ng  the phys i co - chemi ca l  s t a t e  of  the  
plasmalemma,  the r e l a t i o n s h i p  between the t r a n s i t i o n a l  s t a t e  
and the membrane f u n c t i o n s ,  p a r t i c u l a r l y  the r o l e  o f  Ca++ in 
p r o t o p l a s t  f us i o n  ( 8 ) ,  could be s t u d i e d .
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Fig.  2. The e f f e c t  of
Ca++ on the f l u i d i t y  
of  the plasma mem­
brane of  i s o l a t e d  
p r o t o p l a s t s  of  
Mi ra no vs kaya 808.
To c h a r a c t e r i z e  the t r a n s i t i o n a l  s t a t e  of  the plasmalemma the  
ESR s pec t ra  were recorded between 5 and 32°C in 1°C i n t e r v a l s .  
As shown in Fig.  3 there  i s  a break in the Arrhenius p l o t  of  
the c o r r e l a t i o n  t ime at  18-20°C i n d i c a t i n g  a thermotropi c  phase 
trans i t i  on .
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Fig.  3.  Arrhenius p l o t  of  the  
c o r r e l a t i o n  time in 
i s o l a t e d  p r o t o p l a s t s  
of  Miranovskaya 808.
The l i p i d  compos i t i on and,  t h u s ,  the reported phase t r a n s i t i o n  
temperature o f  d i f f e r e n t  membrane s t r u c t u r e s  of  the p lant  c e l l  
v a r i e s  c o n s i d e r a b l y .  Using spin l abe l  method,  Raison e t  a l . (9)  
have found that  the thermotropi c  phase t r a n s i t i o n  temperature  
i s  10-120C in mi tochondri a;  Murata e t  a l .  (10)  wi th the aid of  
a f l u o r e s c e n t  t e c h n i q ue ,  have found the t r a n s i t i o n  temperature  
to be 30°C,  in c h l o r o p l a s t  s u s p e n s i o n s .
When comparing the r e s u l t s ,  and co n s i d e r i n g  our obs e r v a t i o n  on 
the marked d i f f e r e n c e  between the f u i l d i t y  of  the plasmalemma 
and the c h l o r o p l a s t  membrane, we cannot  but conclude that  the  
phys i co- chemi ca l  s t a t e  of  the d i f f e r e n t  c e l l  membrane s t r u c t u r e s  
should be e n t i r e l y  d i f f e r e n t ,  depending on t h e i r  f u n c t i o n s ,  
even wi t h i n  the same plant  c e l l .  I t  has to be added t hat  when­
ever the spin probes are int roduced from one ( the  out er )  s i de  
o n l y ,  taking the slow f l i p - f l o p  r a t e s  i n t o  account  ( 1 1 ) ,  we 
mainly moni tor the outer  monolayer of  the plasmalemma which i s  
probably d i f f e r e n t  from the inner one due to the asymmetric  
d i s t r i b u t i o n  of  the c o n s t i t u t i n g  l i p i d s .  However,  the phys i ca l  
s t a t e  of  membranes may vary in d i f f e r e n t  p h y s i o l o g i c a l  c o n d i ­
t i o n s .
Senescence  has p r e v i o u s l y  been reported to bring about a de­
cr eas e  in the f l u i d i t y  of  prokaryot i c  ( 1 2 ) ,  mammalian ( 1 3 ) ,  
and p l ant  (14)  membranes.  As shown in Fig.  4 ,  the c o r r e l a t i o n  
t i me ,  as measured in the plasmalemma of  p r o t o p l a s t s  from both 
the f i r s t  and the second l eaves  of  wheat ,  e x h i b i t e d  a gradual  
change during age i ng .  The decr eas i ng  trend in f l u i d i t y  ( e . g .  
i nc r e a s i n g  " c o r r e l a t i o n  t ime")  was very much the same in d i f ­
f e r e n t  c u l t i v a r s  (Miranovskaya 808 and Penjamo 62) when compar-
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b
Fig.  4. Changes in the  
membrane f l u i d i t y  
during s e nes c ence .
ji Miranovskaya 808,  
b^ Penjamo 62,  
x F i r s t  l e a f ,  
o Second l e a f .
ing the same l eaves  at  s i m i l a r  ages .  I t  should be noted that  
the second l e a f  compl e t e l y  repeat s  the f 1u i d i t y - t i m e  p r o f i l e  
of  the f i r s t  l e a f .  Whether t h e s e  c o r r e l a t i o n  time data are i n ­
d i c a t i v e  of  s h i f t s  or broadenings  in the phase t r a n s i t i o n  r e ­
mains to be seen.
CONCLUSIONS
In i-Ltu. sp in  l a b e l i n g  of  the plasmalemma of  i s o l a t e d  p r o t o p l a s t s  
provi des  i nformat ion on the t r a n s i t i o n a l  s t a t e  o f  t h e s e  membrane 
s t r u c t u r e s .  We demonstrated t hat  the observed ESR s i g na l  i s  ex ­
c l u s i v e l y  due to sp i n  probes embedded in the plasmalemma,  and 
so t h i s  method overcomes the d i f f i c u l t i e s  encountered during  
the i s o l a t i o n  of  plasma membrane fragments  from p l a n t s .  However,  
the convent i ona l  method o f  i s o l a t i n g  plasma membranes for  chem­
i c a l  a n a l y s i s  i s  s t i l l  nece s s ary .  One of  the most promis ing a s ­
pect s  of  our method i s  a new p o s s i b i l i t y  to s tudy the e f f e c t  of  
membrane modi fying s ubs t ances  on the t r a n s i t i o n a l  s t a t e  of  these 
s t r u c t u r e s .  This method should e f f e c t i v e l y  c o n t r i b u t e  to the  
c l a r i f i c a t i o n  o f  many problems and i s  most va l ua b l e  where s i g ­
nal s  due to i n t r a c e l l u l a r  s t r u c t u r e  cause  s e r i o u s  i n t e r f e r e n c e  
Ce.g.  F l uores cence  s t u d i e s ,  ( 1 5 ) ) .
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INTRODUCTION
P r o t o p l a s t s  a r e  p o t e n t i a l l y  a n  i d e a l  s t a r t i n g  m a t e r i a l  f o r  t h e  i s o l a t i o n  
an d  c h a r a c t e r i z a t i o n  o f  p l a n t  p la s m a  m em b ran es. The a b s e n c e  o f  t h e  c e l l  w a l l  
o b v i a t e s  h ig h  s h e a r  f o r c e  d i s r u p t i o n ,  w h i le  a l l o w in g  th e  u s e  o f  n o n ­
p e n e t r a t i n g  s u r f a c e  l a b e l l i n g  m eth o d s  a n a lo g o u s  t o  th o s e  a p p l i e d  t o  a n im a l 
s y s te m s .  H ow ever, t h e  a b s e n c e  o f  m o r p h o lo g ic a l  m a rk e rs  a n d  t h e  e q u iv o c a l  
n a tu r e  o f  e n zy m ic  m a rk e r s  f o r  h i g h e r  p l a n t  p la s m a  m em brane e m p h a s is e s  t h e  
n e e d  f o r  r e l i a b l e  a n d  s p e c i f i c  m e th o d s  o f  i d e n t i f y i n g  t h i s  m em brane i n  s u b -  
c e l l u l a r  f r a c t i o n s .
D i f f e r e n t i a l  a n d  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n  m e th o d s  h a v e  b e e n  w id e ly  
u s e d  i n  h i g h e r  p l a n t  p la s m a  m em brane i s o l a t i o n  s t u d i e s  w i th  i n t a c t  t i s s u e s  
a s  s o u r c e  m a t e r i a l ( l ) .  P h o s p h o tu n g s t ic  a c id / c h r o m ic  a c i d  s t a i n i n g  (PTAC)has 
b e e n  w id e ly  u s e d  a s  a  m a rk e r  f o r  p la s m a  m em b ran e( 1 ,2 , 1 4 ) a n d  h a s  b e e n  p o s i ­
t i v e l y  c o r r e l a t e d  w i th  c e r t a i n  e n zy m es , n o t a b l y  K+-A T P -a se  a n d  g lu c a n  s y n ­
t h e t a s e .  H ow ever, t h i s  s t a i n t a n d  S T A C ,(3 ))h a s  b e e n  shown t o  b e  u n r e l i a b l e  
i n  some c a s e s ( 4 ,5 ,6 )  when u s e d  f o r  t i s s u e  o r  p r o t o p l a s t  s t a i n i n g ,  w h i le  th e  
v a l i d i t y  o f  K+-A T P -a se  a n d  g lu c a n  s y n t h e t a s e  a s  u s e f u l  m a rk e r s  h a s  a l s o  
b e e n  d i s p u t e d  ( 7 ,8 ) .
C o n v e n t io n a l  s e p a r a t i o n  m eth o d s  h a v e  b e e n  u s e d  i n  t h i s  s tu d y  e m p lo y in g  s e v ­
e r a l  s u b c e l l u l a r  e n zy m ic  m a rk e r s  a n d  i n  a d d i t i o n ,  th e  n o n - p e n e t r a t i n g  c e l l  
s u r f a c e  m a rk e rs  c o n c a n a v a l in  A(conA) a n d  la n th a n u m  (L a ) .
MATERIALS AND METHODS 
S u r f a c e  l a b e l l i n g :
L e a f  p r o t o p l a s t s  o f  N i c o t i a n a  tab a cu m  v a r .X a n t h i  w e re  i s o l a t e d  (9) an d  
u s e d  i n  0.6M  s o r b i t o l ,  ImM C aC l2  a n d  so m e tim e s  s u r f a c e - l a b e l l e d  w i th  3 h -  
conA (10) o r  2.6%  w /v  L a C l3 ( 9 ) .  A f t e r  p r o t o p l a s t  f r a c t i o n a t i o n ,  3jj was c o u n ­
t e d  by  s c i n t i l l a t i o n  w h i le  La was a s s a y e d  b y  n e u t r o n  a c t i v a t i o n  a n a l y s i s .  
S am p le s  c o n ta i n in g  La w ere  n e u t r o n  i r r a d i a t e d  a t  2 x 1013 n e u t r o n s  s e c _ l .  
cm- 2 f o r  2h a n d  c o u n te d  a g a i n s t  s t a n d a r d s  a t  1 .7 6  MeV.
F r a c t i o n a t i o n :
F o r  d i f f e r e n t i a l  c e n t r i f u g a t i o n ,  p r o t o p l a s t s  w e re  b ro k e n  i n  30m l 0.6M  
s o r b i t o l  b y  h a n d - s h a k in g  f o r  1 m in  a n d  s e q u e n t i a l l y  c e n t r i f u g e d  a t  3000 x g 
(3KG) x 5 m in ,13000 x  g(3-13K G ) x  10 m in , an d  193000 x  g(13-193K G ) x 30 m in . 
P e l l e t s  w e re  r e s u s p e n d e d  i n  ImM T E S -T r is ,p H  7 . 0 . F o r  d i s c o n t i n u o u s  s u c r o s e  
g r a d i e n t  c e n t r i f u g a t i o n ,  p r o t o p l a s t s  w e re  b ro k e n  i n  1ml 0.6M  s u c r o s e  u s in g  
3 s t r o k e s  o f  a  n e e d le  a n d  s y r i n g e .  B ro k en  p r o t o p l a s t s  o r  d i f f e r e n t i a l  c e n -
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t r i f u g a t i o n  f r a c t i o n s  w ere  l o a d e d  o n to  g r a d i e n t s  o f  c o m p o s i t i o n :2 5 ,2 7 ,2 9 ,3 1  
3 3 ,3 5 ,4 0 %  w/w s u c r o s e  i n  75mM M E S -T ris ,p H  7 .5 .  The g r a d i e n t s  w e re  c e n t r i f ­
u g e d  a t  97000  x  g x 130 m in . G r a d ie n t  f r a c t i o n s  w e re  o f f l o a d e d ,  d i l u t e d  x h 
w i th  M E S -T ris a n d  r e c e n t r i f u g e d  a t  193KG x 30 m in . P e l l e t s  w e re  r e s u s p e n d e d  
i n  M E S -T ris .
B io c h e m ic a l  a s s a y s :
A l l  enzym e a s s a y s  w e re  i n c u b a t e d  a t  2 5 °C .
C h l o r o p h y l l : 80% a c e to n e  e x t r a c t s  w e re  r e a d  a t  6 5 2 n m ( l l ) .
Protein: NaOH solubilised samples were estimated against BSA fraction V 
standards (12).
C y to ch ro m e  £. o x i d a s e : b y  t h e  m eth o d  o f  S m ith  (13) .
NADH c y t  c  o x i d o r e d u c t a s e : b y  th e  m eth o d  o f  H odges a n d  L e o n a rd  ( 1 ) .  
G lu c an  s y n t h e t a s e : H ig h  (230 |lM ,no MgCl2 > a n d  low  (6pm, lOmM MgCl2 > .
UDPG s u b s t r a t e  c o n c e n t r a t i o n s  w e re  u s e d ,  w i th  UDP -*-^C*glucose a s  th e  
t r a c e r .  NaOH s o l u b l e  a n d  in s o lu f c le  e x t r a c t  r a d i o a c t i v i t y  w as c o u n te d .  
A T P a se : 2mM Na 2 ATPÍ 2mM MgCl2  a n d  50mM KC1 w ere  u s e d ,  w h i le  3mM pNPP 
r e p l a c e d  ATP a s  a  c o n t r o l .
I D P a s e : F r a c t i o n s  w i t h o u t  s t o r a g e  w ere  a s s a y e d  a t  pH 7 .5  w i th  2mM ID P, 
ImM M gCl2.
E le c t r o n  M ic ro s c o p y :
Em bedded p r o t o p l a s t s  an d  f r a c t i o n s  w e re  e x a m in e d  b y  t r a n s m i s s i o n  e . m . ( 6 ) .
RESULTS
The a c t i v i t y  a n d  d i s t r i b u t i o n  o f  v a r i o u s  en zy m es , p r o t e i n  a n d  c h l o r o p h y l l  
i n  d i f f e r e n t i a l  c e n t r i f u g a t i o n  f r a c t i o n s  a p p e a r  i n  T a b le  1 .
TABLE 1 . D i s t r i b u t i o n  o f  enzym es an d  m a rk e r s  a f t e r  d i f f e r e n t i a l  
c e n t r i  f u g a t i o n
P e l l e t
f r a c t i o n
P r o t e i n C h i. C y t 
c .  o x .
G lu ca n  s y n th e t a s e  
s u b s t r a t e  c o n e . 
Low H igh
ID Pase ATPase
b a s a l
*♦
rMg
♦♦ -f
+Mg K ConA La
3KG 94 98.5 44 54 27 49 12 45 62 47 39 63 75
3-13KG 4 1.2 47 22 37 28 49 29 20 23 26 19 11
13-193KG 2 0 .3 9 24 36 23 37 26 18 30 35 18 14
A ll  q u a n t i t i e s  a r e  p e r c
NaOH
e n ta g
i n s o l  
e o f  tc
NaOH I n s o l .  
3 ta l  p a r t i é i . l a t e  a c t i v i t y  r e c o v e r e d  in  th* frac tions
The d i s t r i b u t i o n  o f  p r o t e i n  a n d  c h l o r o p h y l l  i n d i c a t e d  t h a t  t h e  l a r g e  o r g a n ­
e l l e s  (e  . g . c h l o r o p l a s t s )  s e d im e n te d  a t  low  R .C .F .w h i le  t h a t  o f  c y to c h ro m e  c_ 
o x id a s e  i n d i c a t e d  t h a t  t h e  m a j o r i t y  o f  m i to c h o n d r ia  w e re  p e l l e t e d  b y  an  
R .C .F .o f  13KG. E l e c t r o n  m ic ro s c o p y  c o n f i r m e d  t h i s  a n d  a d d i t i o n a l l y  i n d i c a t ­
e d  t h a t  n u c l e i  a n d  G o lg i  b o d ie s  w e re  l a r g e l y  c o n f in e d  t o  t h e  3KG p e l l e t . T h e  
13-193KG p e l l e t  w as f r e e  o f  r e c o g n i s a b l e  o r g a n e l l e s  e x c e p t  f o r  r ib o s o m e s ;  
t h e  low  l e v e l s  o f  c h l o r o p h y l l  a n d  c y to c h ro m e  c_ o x id a s e  a c t i v i t y  i n  t h i s  
f r a c t i o n  c o n f i r m e d  t h i s  a n d  i n d i c a t e d  t h a t  t h e  f r a c t i o n a t i o n  p r o c e d u r e  h a d  
r e s u l t e d  i n  m in im a l o r g a n e l l e  d i s r u p t i o n .  A lth o u g h  m o s t m a r k e r s ( e x c e p t  c y to ­
chrom e c  o x i d a s e ) o c c u r r e d  i n  t h e  3JCG p e l l e t ,  s u b s t a n t i a l  e n r ic h m e n t  on  a  
p r o t e i n  b a s i s  w as p r e s e n t  i n  t h e  l e s s  d e n se  3-13KG a n d  13-193KG p e l l e t s ,  
l a r g e l y  b e c a u s e  c h l o r o p l a s t  F r a c t i o n  1 p r o t e i n ,  w h ic h  s e d im e n te d  i n  th e  low  
R . C . F . f r a c t i o n s , h e a v i l y  c o n t r i b u t e s  t o  t h e  c a l c u l a t i o n .
U s in g  d i s c o n t i n u o u s  g r a d i e n t s ,  b ro k e n  p r o t o p l a s t s  w e re  s e p a r a t e d  i n t o  7 
f r a c t i o n s  an d  t h e  d i s t r i b u t i o n  o f  enzym es a n d  s u b s ta n c e s  a s s a y e d  i s  shown 
i n  F i g . l .  C lu m p in g  o f  t h e  s u b c e l l u l a r  m a t e r i a l  d i d  n o t  o c c u r  a l t h o u g h  th e  
m a j o r i t y  o f  t h e  m a t e r i a l  a p p e a r e d  i n  t h e  d e n s e r  f r a c t i o n s .  P r o t e i n  an d  
c h lo r o p h y l l  d i s t r i b u t i o n  w as s i m i l a r  t o  t h a t  f o r  conA , c y to c h ro m e  £  o x i d a s e ,
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NADH c y to c h ro m e  c_ o x i d o r e d u c ta s e  an d  h ig h  s u b s t r a t e  g lu c a n  s y n t h e t a s e .  Al/1 
fo rm s  o f  A TPase w e re  d i s t r i b u t e d  m ore to w a rd s  t h e  l i g h t e r  f r a c t i o n s rw h i le  
low  s u b s t r a t e  g lu c a n  s y n t h e t a s e  a p p e a r e d  m a in ly  i n  t h e  l i g h t e r  f r a c t i o n s  
w i th  a  s e c o n d  p e a k  i n  d e n s e r  f r a c t i o n s .  When p r o t o p l a s t s  w e re  s u r f a c e  l a b ­
e l l e d  w i th  L a , an d  th e n  c e n t r i f u g e d ,  t h e  d i s t r i b u t i o n  o f  p r o t e i n  ( s i m i l a r  
t o  t h a t  o f  La) w as s h i f t e d  t o  d e n s e r  f r a c t i o n s .
TOP INTERFACES BOTTCM TOP INTERFACES BOTTCM
F ig u r e  1 : D i s t r i b u t i o n  o f  b ro k e n  p r o t o p l a s t s  lo a d e d  on a  s u c r o s e  g r a d i e n t :  
A c t i v i t y  o f  en zym es a n d  c o n t e n t  o f  s u b s t a n c e s  r e c o v e r e d  fro m  i n t e r f a c e  
f r a c t i o n s .  I n t e r f a c e  : 1 2 3 4 5 6 7
F r a c t i o n s (% w/w s u c r o s e )  o v e r l a y ,  2 5 , 2 7 , 2 9 , 31 , 3 3 , 3 5 , 40 
The u s e  o f  d i s c o n t i n u o u s  g r a d i e n t s  w as t a k e n  f u r t h e r  by  l o a d in g  r e s u s p e n d e d  
3-193KG o r  13-193KG p e l l e t s  fro m  p r o t o p l a s t s  p r e v i o u s l y  l a b e l l é d  w i th  L a. 
A g a in , no  c lu m p in g  was s e e n ,  a l t h o u g h  t h e  d i s t r i b u t i o n  o f  p r o t e i n ( F i g . 2 ) ,  
i n d i c a t e d  t h a t  th e  " m ic ro so m a l"  f r a c t i o n  (13-193KG ) d i d  n o t  s e d im e n t  a s  f a r  
i n  t h e  a b s e n c e  o f  t h e  3-13KG f r a c t i o n .  The La d i s t r i b u t i o n  w as s i g n i f i c a n t ­
l y  d i f f e r e n t ,  d i s p l a y i n g  tw o p e a k s  i n  l i g h t e r  a n d  d e n s e r  f r a c t i o n s  i n  th e  
" m ic r o s o m a l" g r a d i e n t  s e p a r a t i o n .  The d i s t r i b u t i o n  o f  a  c o n t r o l  n o n -L a  l a b ­
e l l e d  " m ic ro so m a l"  f r a c t i o n  down a  g r a d i e n t  w as v e r y  s i m i l a r  t o  t h a t  o f  a
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F ig u r e  2 : D i s t r i b u t i o n  o f  3-193KG a n d  13-193KG p e l l e t s  lo a d e d  on a s u c r o s e  
g r a d i e n t : P r o t e i n , ATPase a n d  La c o n t e n t  o f  f r a c t i o n s .
La l a b e l l e d  f r a c t i o n .  A TPase a c t i v i t y ( B a s a l , M g ++,Mg+++K+) o f  f r a c t i o n s  fro m  
a  " m ic ro so m a l"  lo a d e d  g r a d i e n t  d i d  n o t  i n d i c a t e  a  q u a l i t a t i v e  e n r ic h m e n t  o f  
an y  fo rm  o f  ATPase i n  an y  f r a c t i o n ( F i g . 2 ) ,£N P P ase  d i s t r i b u t i o n  was s i m i l a r  
t o  t h a t  o f  A T Pase . The pH c u r v e  o f  A TPase f o r  a  "m ic ro so m a l"  f r a c t i o n  was 
s i m i l a r  i n  many r e s p e c t s  t o  t h a t  o f  an  i n t a c t  v a c u o le  p r e p a r a t i o n ,  p r e p a r e d  
fro m  s i m i l a r  p r o t o p l a s t s .
E l e c t r o n  m ic ro s c o p y  o f  La l a b e l l e d  p r o t o p l a s t s  i n d i c a t e d  t h a t  t h e  s t a i n  d id  
n o t  p e n e t r a t e  i n t a c t  p r o t o p l a s t s  ( F i g . 3 ) ,  o r  t r a n s f e r  o n to  o r g a n e l l e s .  O n ly  
o th e r w is e  f e a t u r e l e s s  m em brane was fo u n d  t o  b e  s t a i n e d  w i th  La i n  s u b c e l l u -  
l a r  f r a c t i o n s  ( f i g . 4 ) .
F ig u r e  4 : A 3KG p e l l e t  fro m  p r o t o ­
p l a s t s  p r e v i o u s l y  l a b e l l e d  w i th  La. 
No p o s t  s t a i n .
DISCUSSION
The m e th o d s  c u r r e n t l y  i n  u s e  f o r  p la s m a  m em brane i s o l a t i o n  fro m  p l a n t s  h a v e  
b e e n  d e v e lo p e d  on th e  a s s u m p t io n  t h a t  K+-A T Pase i s  an  i n t e g r a l  co m p o n en t o f
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F ig u r e  3 : P a r t  o f  a  p r o t o p l a s t  l a b e l l e d  
w i th  L a.N o p o s t  s t a i n .
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t h i s  m em brane an d  t h a t  i t  i s  u n e q u iv o c a l ly  s t a i n e d  by  PTAC. A good  c o r r e l ­
a t i o n  b e tw e e n  K+-A T Pase e n r ic h m e n t  an d  PTAC(and g lu c a n  s y n t h e t a s e )  h a s  b e e n  
t h e  b a s i s  f o r  c la im in g  t h a t  a  p a r t i c u l a r  s u b c e l l u l a r  f r a c t i o n  i s  e n r i c h e d  
i n  p la s m a  m em brane (2 ,1 4 )  a l th o u g h  t h i s  h a s  r e c e n t l y  b e e n  q u e s t i o n e d ( 4 ,5 , 6 ) .  
M ethods u s i n g  low  s h e a r  f o r c e s  h a v e  u n d o u b te d ly  b e e n  d e v e lo p e d  m ore s lo w ly  
th a n  th e y  m ig h t  h a v e  b e e n  ow ing  t o  t h e  a c c e p ta n c e  o f  p la s m a  m em brane i s o ­
l a t i o n  m e th o d s  u s in g  an  i n t a c t  t i s s u e  s o u r c e  b a s e d  on PTAC c r i t e r i a  ( 1 4 ) .  
R e c e n t ly ,  p r o t o p l a s t s  h a v e  b e e n  i n c r e a s i n g l y  u s e d  a s  a  s o u r c e  o f  o r g a n e l l e s  
( 1 5 ,1 6 ,1 7 ,1 8 ) ,  i n c l u d i n g  p la s m a  m em brane(19) u s in g  th e  s u r f a c e  l a b e l  d i a z o -  
t i s e d  s u l p h a n i l i c  a c i d .  No in d e p e n d e n t  p r o o f  t h a t  t h i s  l a b e l  w as i r r e v e r s i ­
b l y  b o u n d  t o  p la s m a  m em brane was p r e s e n t e d  i n  t h i s  s t u d y ;  h o w e v e r t h i s  
m eth o d  o f  l a b e l l i n g  h o ld s  p ro m is e .
The c o n v e n t io n a l  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n  o f  a  " m ic r o s o m a l" f r a c t io n  
d o e s  n o t  y i e l d  p la sm a  m em brane f r e e  fro m  c o n ta m in a t io n  fro m  o t h e r  s u b c e l l ­
u l a r  s o u r c e s .  When e m p lo y ed  i n  t h e  f r a c t i o n a t i o n  o f  p r o t o p l a s t s  w h e re  s h e a r  
f o r c e s  w e re  m in im is e d ,  t h e s e  m e th o d s  s t i l l  do n o t  a l lo w  th e  p r e p a r a t i o n  o f  
a  " p u re "  p la s m a  m em brane f r a c t i o n .  L a C lj h a s  b e e n  shown to  b e  a  s a t i s f a c t ­
o r y  e l e c t r o n  d e n se  p la s m a  m em brane s t a i n  w h ic h  d o e s  n o t  a p p e a r  t o  t r a n s f e r  
t o  o t h e r  s u b c e l l u l a r  l o c i  d u r in g  c e l l  d i s r u p t i o n  ( 6 ,9 ) .  La c a n  b e  a s s a y e d  
q u a n t i t a t i v e l y  an d  i s  th u s  p o t e n t i a l l y  a  v e r y  u s e f u l  m a rk e r  b o th  i n  c y to -  
c h e m ic a l  an d  b io c h e m ic a l  s t u d i e s .  ConA i s  a l s o  a  n o n - p e n e t r a t i n g  l a b e l ,  
p a r t i c u l a r l y  u s e f u l  when c o n ju g a t e d  w i th  g o l d ( 1 0 ) ,b u t  so  f a r  h a s  n o t  b e e n  
i n v e s t i g a t e d  a s  a  p la s m a  m em brane m a rk e r  i n  s u b c e l l u l a r  f r a c t i o n s  i n  h i g h ­
e r  p l a n t  w o rk . U s in g  La a s  a  t e n t a t i v e  r e f e r e n c e  m a rk e r ,  t h e  r e s u l t s  o f  
t h e  d i f f e r e n t i a l  c e n t r i f u g a t i o n  i n d i c a t e d  t h a t  p la s m a  m em brane was p r e s e n t  
i n  a l l  f r a c t i o n s  r e c o v e r e d  a n d  a l t h o u g h  m o st w as fo u n d  i n  t h e  3KG p e l l e t ,  
t h i s  f r a c t i o n  i s  u n a t t r a c t i v e  a s  a  p la s m a  m em brane s o u r c e  b e c a u s e  o f  s u b ­
s t a n t i a l  c o n ta m in a t io n  w i th  a l l  o t h e r  s u b c e l l u l a r  s t r u c t u r e s .  The m o s t a t ­
t r a c t i v e  f r a c t i o n  was t h e  13-193KG " m ic ro so m a l"  p e l l e t  c o n t a i n i n g  14% o f  
t h e  La a n d  18% o f  t h e  conA l a b e l .  T h i s ,  h o w e v e r , a l s o  c o n ta i n e d  s u b s t a n t i a l  
c o n ta m in a t io n  b y  m i t o c h o n d r i a l  d e b r i s  a n d  p r o b a b ly  e n d o m em b ran es .
L o a d in g  e n t i r e  b ro k e n  p r o t o p l a s t s  o n to  g r a d i e n t s  e n s u r e d  t h a t  no  f r a c t i o n  
h a s  b e e n  p r e m a tu r e ly  d i s c a r d e d .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  s i z e  ra n g e  
o f  p la s m a  m em brane f r a g m e n ts  w as c o n s i d e r a b l e  a n d  t h a t  t h e  l a r g e r  f r a g m e n ts  
w e re  t r a p p e d  b e tw e e n  o r g a n e l l e s  d u r in g  c e n t r i f u g a t i o n .  The d i s t r i b u t i o n  o f  
p la s m a  m em brane down t h e  g r a d i e n t  c l o s e l y  m a tc h e d  t h a t  o f  c h l o r o p h y l l  and  
p r o t e i n ,  h e n c e  a  u s e f u l  e n r ic h m e n t  o f  p la s m a  m em branes from  t h i s  ty p e  o f  
s e p a r a t i o n  s y s te m  i s  u n l i k e l y .  T h e re  w as e v id e n c e  t h a t  Mg++-  a n d  Mg++K+- 
ATPase w as e n r i c h e d  i n  l e s s  d e n se  f r a c t i o n s  a n d  th u s  n o t  d i r e c t l y  c o r r e l ­
a t e d  w i th  L a , b u t  h ig h  s u b s t r a t e  g lu c a n  s y n t h e t a s e  was fo u n d  t o  b e  c o r r e l ­
a t e d  w i th  La a n d  p e r h a p s  s t r e n g t h e n s  t h e  c a s e  f o r  t h i s  a c t i v i t y  a s  a  p o s s ­
i b l e  p la s m a  m em brane m a rk e r  ( 8 ) .  No s e p a r a t i o n  o f  t h e  13-193KG f r a c t i o n  i n ­
t o  d i f f e r e n t  ATPase s p e c i e s  was o b s e r v e d ,  i n d i c a t i n g  t h a t  a  r a n g e  o f  mem­
b r a n e  f r a g m e n t  s i z e  a n d  d e n s i t y  p o s s e s s e d  t h i s  en zy m e. The d i s t r i b u t i o n  o f  
La i n  su c h  g r a d i e n t s  show ed tw o p e a k s ,  f u r t h e r  s u g g e s t i n g  a l a c k  o f  c o r ­
r e l a t i o n  o f  p la s m a  m em brane w i th  A T Pase. The d i f f i c u l t i e s  o f  s e p a r a t i o n  o f  
p la s m a  m em brane from  o t h e r  m em branes i n  a  h o m o g en a te  may n o t  d i r e c t l y  d e p ­
e n d  upon th e  s h e a r  f o r c e s  u s e d ,  a s  t h e r e  i s  p r o b a b ly  a  m ore o r  l e s s  c o n ­
s t a n t  r e l a t i o n  b e tw e e n  th e  s i z e  o f  m em brane f r a g m e n ts  a n d  o r g a n e l l e  f r a g ­
m e n ts  o v e r  a  l a r g e  r a n g e  o f  s h e a r  f o r c e s .  E n tr a p m e n t  may th u s  b e  a  c o n ­
s t a n t l y  p r e s e n t  p ro b le m .
P r o g r e s s  i n  th e  f i e l d  o f  p la s m a  m em brane i s o l a t i o n  w i l l  d e p e n d  upon th e  
d e v e lo p m e n t o f  s u r f a c e  a f f i n i t y  m e th o d s  o f  i s o l a t i o n  w h ic h  i n c l u d e  p o ly - L -  
l y s i n e  c o a t e d  b e a d s  (20) a n d  cy an o g e n  b ro m id e  a c t i v a t i o n  o f  p o l y s a c c h a r i d e s  
( p r e l i m in a r y  r e s u l t s  o f  t h i s  l a b o r a t o r y ) . T h is  a p p ro a c h  w i l l  b e  g r e a t l y
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h e lp e d  by  th e  c o n c u r r e n t  u s e  o f  r e l i a b l e  s u r f a c e  l a b e l s  f o r  p la s m a  m em brane 
s u c h  a s  L a ,co n A  a n d  d i a z o t i s e d  ^-’S -B u lp h a n y lic  a c i d .  P r o t o p l a s t s  w i l l ,  o f  
c o u r s e ,  b e  t h e  e s s e n t i a l  s t a r t i n g  m a t e r i a l  f o r  t h e s e  p r o c e d u r e s .
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INTRODUCTION
An u n d e rs ta n d in g  o f  th e  p ro c e s s e s  o f  c e l l u l a r  d i f f e r e n t i a t i o n  i s  e s s e n t i a l  
f o r  any  r a t i o n a l  m a n ip u la t io n  o f  p la n t  developm ent in  t i s s u e  c u l t u r e s .
Some su ch  p ro c e s s e s  w hich  can  be i d e n t i f i e d  a r e  th e  c o n t r o l  o f  c e l l  
d iv i s i o n  v e r s u s  c o n t r o l  o f  d i f f e r e n t i a t i o n  w hich  a r e  o f t e n  su g g e s te d  to  be 
m u tu a l ly - e x c lu s iv e  e v e n ts  ( l ) .  We have ch o sen  to  s tu d y  t h i s  b a la n c e  in  a 
s im p le  t i s s u e  c u l t u r e  system  in  w hich r a p i d ly  d iv id in g  c e l l s  do n o t 
e lo n g a te  w hereas u n d e r d i f f e r e n t  c o n d i t io n s  e lo n g a t in g  c e l l s  do n o t 
d iv i d e .  T h is  b a la n c e  can  be m a n ip u la te d  by a l t e r i n g  th e  l e v e l  o f  2 .4 -D  
and some c o n c lu s io n s  a r e  a l r e a d y  em erging on th e  s t r u c t u r a l  b a s i s  o f  c e l l  
e lo n g a t io n .  In  t h i s  s tu d y ,  p r o t o p la s t s  and p a r t i a l l y  d eg rad ed  c e l l s  have 
been u se d  a s  m a te r i a l  f o r  v i z u a l i s in g  by im m unofluorescence  m ic ro tu b u le s  
w hich s u p p o r t  e lo n g a te d  c e l l  sh ap e  o r  form  th e  m i to t i c  s p i n d le .  The long  
te rm  aim o f  th e  w ork i s  t o  se e  how su ch  e le m e n ts  a r e  in v o lv e d  in  
c o n t r o l l i n g  d iv i s i o n  a s  w e ll a s  shape  in  t i s s u e s .
MATERIALS AND METHODS
F in e  su s p e n s io n  c u l t u r e s  o f  Daucus c a r o t a  L. w ere grown in  M urash ige & 
S k o o g 's  medium (GIBCO) c o n ta in in g  1 p .p .m . 2 .4 -D , 3% s u c r o s e ;  5% co co n u t 
m ilk  and  0 .5  p .p .m . k i n e t i n .  E lo n g a te d  c e l l s  w ere p roduced  by : i )  a llo w in g  
th e  c u l t u r e  to  e n te r  s t a t i o n a r y  p h a se ; i i )  by d i l u t i n g  o r  rem oving 2 .4 -D  
from  th e  medium; i i i )  by a r r e s t i n g  th e  c e l l s  in  G1 by th e  a d d i t io n  o f  
FUdR w hich  b lo c k s  DNA s y n t h e s i s .  Onozuka R-10 c e l l u l a s e  was p u r i f i e d  on 
a  Sephadex G-75 colum n (u n p u b l is h e d ) .  D is s o lv e d  in  g row th  medium p lu s  
0.25M s o r b i t o l ,  t h i s  enzyme was u sed  f o r  a b o u t 30 m in u te s  to  deg rad e  
p a r t i a l l y  th e  c e l l  w a ll o r  was u se d  f o r  60  min to  make p r o t o p l a s t s .
T hese  w ere a t t a c h e d  to  p o ly ly s i n e - d e r i v a t i z e d  c o v e r s l ip s  and e x t r a c te d  
in  a  m i c r o t u b u le - s t a b i l i s i n g  b u f f e r  ( IQßmM PIPES pH 6 .9 ;  ImM MgSO,;
2mM EGTA; 0.25M s o r b i t o l )  c o n ta in in g  1% T r i to n  X -100. A f te r  20 mm 
th e y  w ere f i x e d  b r i e f l y  in  fo rm ald eh y d e  and e x c e s s  a ld eh y d e  n e u t r a l i z e d .  
A f f i n i t y - p u r i f i e d  r a b b i t  a n t ib o d ie s  to  b o v in e  t u b u l in  w ere th e n  added and 
v i s u a l i z e d  w ith  f lu o r e s c e in - c o n ju g a te d  g o a t a n t i - r a b b i t  serum . (F o r 
f u l l e r  d e t a i l s  s e e  2 . )
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RESULTS AND DISCUSSION
DIVISION VS. ELONGATION AS A FUNCTION OF THE CELL CYCLE
Some a s  y e t  u n p u b lis h e d  w ork p ro v id e s  an  u n d e rs ta n d in g  o f  how e lo n g a te d  
c e l l s  fo rm . R a p id ly  d iv id in g  c u l t u r e s  c o n ta in  sm a ll c l u s t e r s  o f  e s s e n t i a l l y  
i s o d ia m e tr i c  c e l l s  ( a l th o u g h  some e lo n g a te d  c e l l s  a r e  a lw ays i n h e r i t e d  by 
s u b c u l tu r i n g ) .  F re q u e n t s u b - c u l tu r e  i n to  medium c o n ta in in g  1 p .p .m . 2 .4 -D  
m a in ta in s  t h i s  s t a t e  b u t s u b c u l tu r e  i n to  0 .0 1  p .p .m . 2 .4 -D  does n o t s u s t a i n  
r a p i d  d iv i s i o n  and in s te a d  th e  c e l l s  v a c u o la te  and e lo n g a te .  By d i l u t i n g  
th e  2 .4 -D  in  t h i s  way a  ra n g e  o f  c e l l  l e n g th s  can  be  o b ta in e d  w hich  v a r i e s  
a s  an  in v e r s e  f u n c t io n  o f  2 .4 -D  c o n c e n t r a t i o n .  C e ll  c o u n ts  a l s o  show 
t h a t  c e l l  d iv i s i o n  and  c e l l  e lo n g a t io n  a r e  i n v e r s e ly  r e l a t e d .  O th e r 
w o rk e rs  have su g g e s te d  t h a t  p l a n t  c e l l s  may e lo n g a te  in  G1 ( 3 ,4 )  and we 
s u g g e s t  t h a t  c a r r o t  c e l l s  do so  when th e r e  i s  i n s u f f i c i e n t  2 .4 -D  to  e f f e c t  
th e  t r a n s i t i o n  from  G1 to  th e  (S-*M) b lo c k  o f  e v e n ts  in v o lv e d  w ith  c e l l  
d i v i s i o n .  In  s u p p o r t  o f  t h i s ,  FUdR can  be  added  to  b lo c k  th e  e n t r y  in to  
S phase  ( t h i s  can  be r e v e r s e d  by th y m id in e )  and  c e l l s  can  be shown to  
e lo n g a te  a t  c o n c e n t r a t i o n s  o f  2 .4 -D  t h a t  w ould  o th e rw is e  p ro d u ce  r a p i d ly  
d iv id in g  c u l t u r e s  o f  i s o d ia m e tr i c  c e l l s .  Such c o n c e n t r a t io n s  o f  2 .4 -D  
do n o t ,  t h e r e f o r e ,  i n h i b i t  e lo n g a t io n  d i r e c t l y .  In  a d d i t i o n ,  EM c o n firm s  
t h a t  c y to p la s m ic  m ic ro tu b u le s  a r e  c o n sp ic u o u s  in  t h e  i s o d ia m e t r i c  c e l l s ,  
s u g g e s t in g  t h a t  h ig h  2 .4 -D  does n o t  p re v e n t  d i r e c t i o n a l  e n la rg e m e n t by a 
d i r e c t  e f f e c t  on th e  c y to s k e le to n .  We th e r e f o r e  c o n c lu d e  t h a t  c e l l  e lo n g ­
a t i o n  i s  a  p ro c e s s  i n i t i a t e d  i n  G1 ( a s  a  norm al p a r t  o f  g row th ) and w hich 
i s  c u t  s h o r t  when th r e s h o ld  l e v e l s  o f  2 .4 -D  t r i g g e r  th e  t r a n s i t i o n  in to  
th o s e  p h a se s  o f  th e  c e l l  c y c le  a s s o c ia te d  w ith  d iv i s i o n .
MICROTUBULES AND DIRECTIONAL CELL ENLARGEMENT
I n d i r e c t  im m unofluo rescence  shows t h a t  c a r r o t  p r o t o p l a s t s  c o n ta in  a  n e t ­
work o f  f i b r i l s  (F ig  l ) .  The u se  o f  a f f i n i t y  p u r i f i e d  a n t i - t u b u l i n ;  
a b o l i t i o n  o f  s t a i n i n g  by a b s o r p t io n  o f  serum  w ith  tu b u l in ;  s t a in i n g  o f  th e  
m i to t i c  a p p a r a tu s ;  lo c a t io n  o f  c o l l o i d a l  g o ld - ta g g e d  a n t ib o d ie s  a lo n g  
l i n e a r  t u b u l a r  s t r u c t u r e s  in  n e g a t iv e ly  s t a in e d  p r e p a r a t i o n s ;  s e n s i t i v i t y  
to  c o l c h i c in e ,  a l l  c o n firm  th e  m ic ro tu b u la r  n a tu r e  o f  th e  ' f i b r i l s '  ( 2 , 
and u n p u b l i s h e d ) .  U sing o n ly  p a r t l y  d eg rad ed  e lo n g a te d  c e l l s  ( i n s t e a d  o f  
p r o t o p l a s t s )  t r a n s v e r s e ,  b ran ch ed  hoops o f  m ic ro tu b u le s  can  be  lo c a t e d  ( 2 ) 
w hich  b e t t e r  r e f l e c t  th e  n a t i v e  a rra n g e m e n t o f  MTs se e n  by EM (F ig s  I B ,1C). 
In  th e  e l e c t r o n  m ic ro sc o p e , m ic ro tu b u le s  a r e  o b se rv e d  a s  g ro u p s  o f  ab o u t 
f o u r ,  im m ed ia te ly  b e n e a th  th e  p la sm a  m em brane. F o r  t h i s  r e a s o n ,  th e  
'b r a n c h e d ' f i b r i l l a r  hoops a r e  more l i k e l y  to  be b u n d le s  o f  m ic ro tu b le s  
th a n  in d iv id u a l  tu b u le s  and t h i s  i s  d e m o n s tra te d  in  F ig  ID. B r ig h t  s p o ts  
a r e  o c c a s io n a l ly  se e n  a t  th e  n o d es o f  t h e s e  b ra n c h e s  w hich  may be m ic ro ­
tu b u le  o rg a n is in g  c e n t r e s  a s s o c ia te d  w ith  m ic ro tu b u le  p o ly m e r iz a t io n  
( s e e  F ig  IB ).
T hese  and o th e r  o b s e r v a t io n s  r a i s e  q u e s t io n s  o f  how MTs c o n t r o l  th e  shape  
o f  c e l l s ,  and in  t h i s  c o n n e c t io n  th e  s tu d y  o f  p r o t o p l a s t s  p ro v id e s  some 
i n t e r e s t i n g  p o in t s .  F o r in s ta n c e ,  rem oval o f  th e  w a ll  from  e lo n g a te d  c e l l s  
p ro d u c e s  s p h e r ic a l  p r o t o p l a s t s  w hich  c o n ta in  MTs (F ig  ID ). MTs by them ­
s e lv e s  do n o t t h e r e f o r e  c o n t r o l  c e l l  sh ap e  ( s e e  a l s o  5 ) .  M ic ro tu b u le s  
c an n o t be d e te c te d  by im m unofluo rescence  in  c e l l s  t r e a t e d  f o r  24 h w ith  
10 M c o lc h i c in e  even  th o u g h  th e y  r e t a i n  t h e i r  e lo n g a te d  sh ap e  a t  t h a t  
t im e  -  im p ly in g  t h a t  i t  i s  th e  c e l l  w a ll  w hich m a in ta in s  t h i s  sh a p e .
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Figure 1 Immunofluorescence of elongated cells at different 
stages of cellulase treatment
IA. Elongated cells in culture; phase contrast x 100
IB. Elongated cell after minimal cellulase treatment to allow 
penetration by antibodies. Thick, anti-tubulin-staining 'fibrils' 
are seen in transverse, branched hoops. Note the bright areas at 
branch points; x 750(Reproduced by kind permission of Nature).
IC. After further cellulase treatment, elongated cells begin to lose 
shape. Microtubules may still be seen in transverse array but the 
fibrils are thinner and not so tightly organized as in IB; x 750
ID. When wall is completely removed to form a spherical protoplast, 
microtubules are no longer to be seen in ordered arrays. They 
remain, however, as a network in which few free ends are observed. 
Arrows denote where thick 'fibrils' can be seen to fray into 
several thinner components; x 7 5 0
It is concluded that microtubules overlap and associate side-to- 
side to form a continuous fibrillar network which, in the elongated 
cell, takes the form of several, thick, branched hoops. Some 
association with the plasma membrane and/or cell wall may be 
necessary for stabilising these hooped configurations (and vice 
versa).
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cellulose
microtubules
microtubule hoop
Figure 2 Schematic view of MT/wall interaction 
in controlling plant cell shape
Present observations are consistent with Heath's (6) model in which 
mobile, membrane-associated cellulose synthesising enzymes are 
directed through the membrane by microtubules at the cytoplasmic 
face of the plasma membrane. Cellulose biosynthesis is not dependent 
upon the presence of MTs but where the mobility of the enzyme is 
confined to the path provided by MTs, cellulose deposition reflects 
the orientation of MTs. Microtubule hoops may therefore be considered 
as a shape-determining template. Microtubule-microtubule side-bridges 
stabilise the hoops and MT-plasma membrane bridges (7j8 ) would
connect the tubule to cellulose. To account for the MT re-orientation 
which we observe in the round to elongate transition, it is suggested 
that MTs slide along one another. Movement of hoop components relative 
to one another could, in this way, impart a slow pitch to the deposited 
cellulose.
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H owever, a f t e r  lo n g e r  p e r io d s ,  th e  c e l l s  te n d  to  become s p h e r i c a l .  I t  i s  
i n f e r r e d  t h a t  d u r in g  a c t i v e  c e l l  e n la rg e m e n t c e l l u l o s e  f i b r i l s  a r e  only- 
d e p o s i te d  in  an o r d e r ly  m anner c o n s i s t e n t  w i th  an  e lo n g a te d  c e l l  sh ap e  
w here th e y  a r e  u n d e r  some in f lu e n c e  p ro v id e d  by  ra ic ro tu b u la r  h o o p s.
I t  h a s  o f t e n  b een  n o te d  t h a t  c y to p la s m ic  m ic ro tu b u le s  p a r a l l e l  th e  
a rran g em en t o f  c e l l u l o s e  m i c r o f i b r i l s  in  t h e  w a ll  and a  d i r e c t  tran sm em brane 
c o n t r o l  o f  th e  d i r e c t i o n  o f  c e l l u l o s e  d e p o s i t io n  by MTs h a s  b een  p ro p o sed  
by H ea th  ( 6 ) .  H is  s u g g e s t io n  i s  t h a t  a  transm em brane c e l l u l o s e  s y n th e ta s e  
com plex i s  a s s o c ia te d  w ith  m ic ro tu b u le s  w h ich  p ro v id e  th e  t r a c k s  a lo n g  
w hich  m o b ile  enzymes r u n ,  th e r e b y  d e p o s i t in g  th e  l i n e a r  c e l l u l o s e  m ic ro ­
f i b r i l s  in  a  p a t t e r n  d i c t a t e d  by  th e  u n d e r ly in g  MTs. We, and  o th e r s  (5), 
f i n d  t h a t  m ic ro tu b u le s  rem a in  a t t a c h e d  t o  s h e e t s  o f  membrane o b ta in e d  from  
b ro k en  p r o t o p l a s t s .  T h is  im p lie s  some membrane/MT i n t e r a c t i o n  (s u c h  MT 
s id e -a rm s  have  been  s e e n  in  EM (7 )*  We a l s o  f i n d  t h a t  m ic ro tu b u le s  rem a in  
upon th e  p o l y l y s i n e - t r e a t e d  c o v e r s l i p s  even  when th e  membrane s h e e t s  w hich  
b e a r  them  a r e  d e l i p id a t e d  by t r e a tm e n t  w ith  up  t o  10% T r i t o n  X -100 . Such 
MTs seem to  be  s t a b ly  a t t a c h e d  to  th e  g la s s  and  a lth o u g h  d i r e c t  e v id e n c e  
in  fa v o u r  o f  th e  p o s t u la t e d  tran sm em brane a ssem b ly  com plex i s  la c k in g  th e s e  
o b s e r v a t io n s  h i n t  a t  i t s  p o s s ib le  e x i s t e n c e .
But w h a te v e r  th e  m echanism  o f  m i c r o t u b u le / c e l l u lo s e  i n t e r a c t i o n ,  morpho­
l o g i c a l  e v id e n c e  a rg u e s  f o r  a  p rim e r o l e  o f  m ic ro tu b u le  hoops in  d e te rm in ­
in g  th e  e lo n g a te d  sh ap e  o f  p la n t  c e l l s  and u n p u b lis h e d  EM s t u d i e s  r e v e a l  
t h a t  MTs a r e  n o t random  in  'r o u n d ' c e l l s  b u t a l r e a d y  e x i s t  a s  hoops 
b e fo r e  th e  c e l l s  e lo n g a te .  G iven t h a t  p la n t  m ic ro tu b u le s  do o v e r la p  
( i . e .  do n o t a p p e a r  t o  be an ch o red  t o  a  common o r g a n iz e r )  and  a r e  se e n  
t o  be b r id g e d  to  one a n o th e r  and  to  th e  p lasm a membrane ( 7 , 8 ) by s id e -a rm s ,  
c i r c u l a r  b u n d le s  o f  MTs m igh t s im p ly  be th e  n a tu r a l  co n seq u en ce  o f  MT 
p o ly m e r iz a t io n  and a s s o c i a t i o n  in  is o d ia m e t r i c  c e l l s .  EM shows MT b u n d le s  
a r e  a r r a n g e d  e i t h e r  e q u a t o r i a l l y  in  'r o u n d ' c e l l s  o r  in  two s e p a r a te  
p la n e s .  S in c e  MTs in  e lo n g a te d  c e l l s  a r e  p re d o m in a n tly  t r a n s v e r s e ,  
r e - a l ig n m e n t  o f  some o f  th e  hoops e v id e n t ly  o c c u rs  d u r in g  c e l l  e n la rg e m e n t.
M ic ro tu b u le s  in  p la n t  c e l l s  may c o n t r o l  sh a p e ; be in v o lv e d  w ith  th e  
o r i e n t a t i o n  o f  w a ll  m a t e r i a l s ;  a r e  seen  t o  a n t i c i p a t e  th e  p la n e  o f  
d iv i s i o n  and  may in f lu e n c e  th e  d e p o s i t io n  o f  th e  c e l l  p l a t e .  T h e ir  
in v o lv em en t in  a l l  th e s e  p ro c e s s e s  s u g g e s ts  a  f u n c t io n  f o r  them  in  
c o n t r o l l i n g  th e  m orphology  o f  c e l l s  and t i s s u e s .  However, th e  p o ly m e ri­
z a t i o n  and d e p o ly m e r iz a tio n  o f  c y to p la s m ic  MTs and m i to t i c  s p in d le  MTs i s  
one c h a r a c t e r i s t i c  o f  th e  c e l l  d iv i s i o n  c y c le .  In  y e a s t s ,  r e p l i c a t i o n  o f  
a  m ic ro tu b u le  o rg a n is in g  c e n t r e  s i g n a l s  th e  e n t r y  o f  th e  c e l l  in to  DNA 
r e p l i c a t i o n  (9 ) and th e r e  i s  o th e r  e v id e n c e  to  im p l ic a te  MTs i s  g row th  
r e g u l a t i o n  in  o th e r  e u k a ry o t ic  c e l l s  ( 1 0 ) .  P e rh a p s  c o n t r o l  o v e r 
m ic ro tu b u le  a s s e m b ly /d is a s se m b ly  may be an  im p o rta n t p a r t  in  th e  g row th  
r e g u l a t i o n  o f  p la n t  c e l l s  a l s o .
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CHITOSOMES AND THE ORIGIN OF CHITIN MICROFIBRILS
Salomon Bartnicki-Garcia
D e p a r tm e n t o f  P l a n t  P a th o l o g y ,  U n i v e r s i t y  o f  C a l i f o r n i a  
R iv e r s id e ,  C a l i f o r n i a  92521 USA
The r e g e n e r a t i o n  o f  a  w a l l  by a p r o t o p l a s t  h a s  b e e n  o n e  o f  t h e  m o s t 
i n t r i g u i n g  q u e s t io n s  o f  p r e s e n t  and p a s t  p r o t o p la s t  sy m p o sia . The s t a t e  
o f  th e  a r t  h as been  e x p e r t ly  rev iew ed  by Necas in  a p re c e d in g  c h a p te r .
My present contribution dwells with just one aspect of fungal wall forma­
tion, namely microfibril synthesis. Despite some specific advances in 
this area in the last few years, I must confess, at the outset, that we 
are still far from understanding the process of wall regeneration by a 
protoplast or, for that matter, the normal process of cell wall assembly.
Most o f  o u r f in d in g s  on th e  s y n th e s is  o f  c h i t i n  m i c r o f i b r i l s  have  been  
r e c e n t ly  p u b lis h e d  [1 -5 ]  and rev iew ed  [ 6 ,7 ] .  T h is  m a te r i a l  was l a r g e l y  
th e  r e s u l t  o f  a  c o l l a b o r a t iv e  e f f o r t  w ith  J .  R u iz -H e rre ra  from  th e  Na­
t i o n a l  P o ly te c h n ic  I n s t i t u t e  (M exico) , and C. E. B racker from  Purdue 
U n i v e r s i t y  (U S A ). F o r  th e  p u rp o s e  o f  t h i s  sy m p o siu m , I  s h a l l  c o v e r  
p e r t i n e n t  p a r t s  o f  t h i s  s tu d y  i n  th e  form o f  e ig h t  q u e s t io n s .
1) I s  th e  i n t a c t  p r o t o p la s t  needed  f o r  m i c r o f i b r i l  fo rm a tio n ?  In  so f a r  
a s  c h i t i n  i s  c o n c e rn e d , t h i s  q u e s t io n  can  now be answ ered  w ith  a c a te g o r ic  
n o .  The q u e s t i o n ,  h o w e v e r ,  i s  n o t  a s  t r i v i a l  a s  i t  m ig h t o th e r w i s e  
a p p e a r .  Our p re v io u s  e x p e r ie n c e ,  p a r t i c u l a r l y  on zoospo re  en cy stm en t o f  
P h y to p h th o ra  ( a  c a se  o f  jie  novo s y n th e s is  o f  a c e l l u l o s i c  m i c r o f i b r i l l a r  
w a ll by a n a tu r a l  p r o t o p la s t  [8 ] ) ,  had le d  us to  su s p e c t t h a t  m i c r o f i b r i l  
fo rm a tio n  m igh t r e q u i r e  c o n d i t io n s  m et o n ly  by th e  w hole p r o t o p l a s t .  We 
know t h a t  z o o sp o re s  can  form a w e ll d e f in e d  c y s t  w a ll in  ab o u t 2 min [ 9 ] ,  
The c e l l s  ap p e a r  to  be  f u l l y  program m ed, e n z y m a t ic a l ly ,  to  make a  c e l l  
w a l l  and  no new p r o t e i n  s y n t h e s i s  i s  r e q u i r e d  f o r  e n c y s t m e n t .  Y e t ,  
d e s p i t e  t h i s  r e a d i n e s s ,  i f  th e  c e l l  i s  b ro k e n , th e  a b i l i t y  to  form  m ic ro ­
f i b r i l s  d i s a p p e a r s  a n d  n o n e  o f  i t  c a n  b e  r e c o v e r e d  i n  th e  c e l l - f r e e  
e x t r a c t .  A ll  our a t te m p ts  to  p roduce  c e l l u l o s i c  m i c r o f i b r i l s  in  v i t r o  
w ith  c e l l - f r e e  e x t r a c t s  o f  P h y to p h th o ra  have f a i l e d .  We have th u s  encoun­
te r e d  w hat th e  p la n t  b io c h e m is ts  h ave  a ls o  fa c e d — an in t r i g u in g  i n a b i l i t y  
to  re p ro d u c e  th e  s y n th e s is  o f  c e l l u l o s e  f i b r i l s  in  v i t r o .
But with another fungus— Mucor rouxii, with another kind of cell— budding 
yeast cell, and with another polymer— chitin, it has been possible to
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d u p l i c a te  th e  p ro c e s s  o f  m i c r o f i b r i l  fo rm a tio n  Jui v i t r o . By a p ro c e d u re  
o f  s u b s t r a t e - in d u c e d  " s o l u b i l i z a t i o n , "  we p u r i f i e d  c h i t i n  s y n th e ta s e  and 
w ith  th e  r e s u l t i n g  t r a n s p a r e n t  " s o l u t i o n s , ” we showed t h a t  c h i t i n  m ic ro ­
f i b r i l s  c o u ld  be made _in v i t r o  [ 1 ] ,  Such m i c r o f i b r i l s  w ere i n d i s t i n g ­
u is h a b le  from n a t iv e  m i c r o f i b r i l s  by e l e c t r o n  m ic ro sco p y  (shadow  c a s t in g )  
and X -ray  d i f f r a c t i o n .
We c o n c lu d e  t h a t  th e  p ro c e s s  o f  c h i t i n  m i c r o f i b r i l  s y n th e s is  d o es  n o t  
n e c e s s a r i l y  r e q u i r e  any s p e c i a l  c o n d i t io n  p ro v id e d  by th e  i n t a c t  p ro to ­
p l a s t * ;  p o s s ib ly ,  th e  same can  be s a id  o f  o th e r  w a ll  m i c r o f i b r i l s  th o u g h  
no. o th e r  h as been  s y n th e s iz e d  J t i  v i t r o .
2) Where i s  c h i t i n  s y n th e ta s e  lo c a l i z e d  in  th e  c e l l ?  Our work on Mucor 
r o u x i i  y e a s t  c e l l s  showed t h a t  a  m a jo r p o r t io n  o f  th e  c h i t i n  s y n th e ta s e  o f  
th e  c e l l  can  be re c o v e re d  a s  a  h ig h ly  homogenous p o p u la t io n  ( F i g .  1) o f  
m in u te  p a r t i c l e s  ( F i g .  2 ) in  th e  s i z e  ra n g e  o f  v i r u s e s .  These p a r t i c l e s  
w ere c h a r a c t e r i z e d  and named ch ito so m e s  [ 3 ] .
F ig .  1. S e d im e n ta tio n  o f  c h ito so m a l c h i t i n  s y n th e ta s e  in  a 
5-20% su c ro se  g r a d i e n t ,  c e n t r i f u g e d  f o r  3 h  a t  
8 1 ,5 0 0  g .  C h i t in  s y n th e ta s e  a c t i v i t y  ( o ) .  A bsorb­
ance  ( • )  [ 4 ] .
The c-hitosom e i s o l a t i o n  p ro c e d u re  in v o lv e s  c e l l  b re a k a g e , d i f f e r e n t i a l  
c e n t r i f u g a t i o n ,  g e l  f i l t r a t i o n ,  r ib o n u c le a s e  d i g e s t i o n ,  u l t r a f i l t r a t i o n  
and su c ro se  d e n s i ty  g r a d i e n t  c e n t r i f u g a t i o n  [ 3 - 5 ] .  R o u tin e ly ,  ab o u t 
20-30% o f  th e  i n i t i a l  a c t i v i t y  o f  th e  c e l l - f r e e  e x t r a c t  can  be re c o v e re d  
in  th e  p u r i f i e d  p o o l o f c h ito s o m e s . However, i f  p ro c e d u ra l  l o s s e s  a r e  
m in im iz e d , o r  a c co u n ted  f o r ,  we have  e s t im a te d  t h a t  a t  l e a s t  70% o f  th e  
c h i t i n  s y n th e ta s e  o f  th e  c e l l - f r e e  e x t r a c t  i s  in  th e  form o f  c h ito s o m e s . 
The r e s t  o f  th e  a c t i v i t y  i s  a s s o c ia te d  w ith  th e  c e l l  w a ll and w ith  a mixed 
membrane f r a c t i o n .
Most ch ito so m e s  m easu re  40 -70  nm in  d ia m e te r  and a r e  d e l im i te d  by a s h e l l  
w h ich , in  th in  s e c t i o n ,  e x h i b i t s  th e  d o u b le - t r a c k  a p p e a ra n c e  o f  a b io l o g i ­
c a l  u n i t  membrane ( F i g .  3 ) .  W hether t h i s  i s  t r u l y  a u n i t  membrane rem a in s
* However, it is quite possible that conditions at the protoplast surface 
may have an important modulating influence on the formation and disposi­
tion of microfibrils.
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F ig .  2 .  E l e c t r o n  m ic ro sco p y  o f  p u r i f i e d  c h i to so m es  from y e a s t  
c e l l s  o f  Mucor r o u x i i  a f t e r  n e g a t i v e  s t a i n i n g  [ 5 ] .
F ig .  3 .  Same b u t  i n  t h i n  s e c t i o n  [ 7 ] .
F ig .  4 .  C h i t i n  m i c r o f i b r i l s  S y n th e s iz e d  by p u r i f i e d  c h i t o ­
somes from M. r o u x i i  [ 5 ] .
F ig .  5 . Chitosome w ith  a b roken  s h e l l  and ex ten d ed  m i c r o f i b r i l  
em anating  from i n t e r n a l  f i b r o i d  c o i l  [ 3 ] .  Bar=100 nm
( F i g s .  2 -4 )  and 20 nm ( F i g .  5 ) .
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unknown. C hem ical a n a ly s i s  o f  c h ito so m e s  made by J .  R u iz -H e rre ra  and 
co w o rk ers  [ 1 0 ] ,  in d i c a te d  an u n u su a l c o m p o s it io n . The r a t i o  o f  p r o t e in /  
l i p i d  was — 3 /1 ;  s t e r o l s  w ere th e  m ost a b u n d a n t l i p i d s ,  and p h o s p h o l ip id s  
w ere o n ly  m inor c o n s t i t u e n t s .  A f te r  a c t i v a t i o n  w ith  p r o te a s e s  and a d d i­
t i o n  o f  s u b s t r a t e  (UDP-GlcNAc) p lu s  GlcNAc (a n  a l l o s t e r i c  a c t i v a t o r ) ,  
c h ito so m e s  s y n th e s iz e  c h i t i n  m i c r o f i b r i l s  ( F i g .  4 ) .  D uring t h i s  p r o c e s s ,  
th e  c h ito so m e  u n d e rg o e s  a p ro fo u n d  t r a n s f o r m a t io n  [3 ] and th e  s h e l l  o r 
membrane d i s i n t e g r a t e s  b u t o c c a s io n a l ly  im ages can  be found o f  m ic r o f i ­
b r i l s  a r i s i n g  from  a c h ito so m e  w ith  a  n e a r l y  i n t a c t  s h e l l  ( F i g .  5 ) .  Such 
im a g e s  p r o v id e  s t r o n g  e v id e n c e  t h a t  c h i t i n  m i c r o f i b r i l s  a r e  m ade b y  
c h i to s o m e s .
In  c o n c lu s io n ,  o u r e v id e n c e  shows t h a t  m ost o f  th e  c h i t i n  s y n th e ta s e  o f  
a c t i v e l y  g row ing  y e a s t  c e l l s  o f  M. r o u x i i  i s  in  th e  form  o f  c h ito s o m e s . 
These m ic r o v e s ic u la r  o r g a n e l l e s  a r e  p ro b a b ly  th e  c y to p la sm ic  v e h ic l e s  t h a t  
d e l i v e r  to  th e  s i t e s  o f  w a ll  s y n th e s is  on th e  c e l l  s u r f a c e ,  o rg a n iz e d  
a sse m b la g e s  o f  zym ogenic c h i t i n  s y n th e ta s e  m o le c u le s  [ 3 , 7 ] ,  P resum ab ly  
e a c h  c h ito so m e  i s  r e s p o n s ib l e  f o r  th e  s y n t h e s i s  o f  one m i c r o f i b r i l  [ 7 ] .  
S e c t io n s  o f  y e a s t  c e l l s  o f  _M. r o u x i i  show m ic r o v e s ic le s  t h a t  re sem b le  
ch ito so m e s  [ 3 ] ,  These can  be seen  c l e a r l y  in s id e  th e  s o - c a l l e d  m u l t iv e -  
s i c u l a r  b o d ie s  o r ,  w ith  much g r e a t e r  d i f f i c u l t y ,  f r e e  in  th e  cy to p la sm  
among a m yriad  o f  r ib o so m e s .
3) Are ch ito so m e s  t r u e  o r g a n e l le s ?  The q u e s t io n  o f  w h eth er c h ito so m e s  
a r e  t r u e  c e l l u l a r  s t r u c t u r e s  o r  a r t i f a c t s  o f  c e l l  r u p tu r e  h as been  o p e n ly  
d is c u s s e d  in  o u r p re v io u s  com m un ications [ 3 ,6 ,7 ] ,  D e sp ite  some r a t h e r  
c o m p e llin g  re a s o n s  to  b e l i e v e  t h a t  c h ito so m e s  a r e  t r u e  o r g a n e l l e s ,  I  m ust 
ad m it t h a t  f i n a l  p ro o f  f o r  th e  e x is te n c e  o f  c h ito so m e s  in  th e  l i v i n g  c e l l  
i s  s t i l l  n o t a v a i l a b l e .  The m ain argum ent a g a in s t  c h ito so m e s  b e in g  r e a l  
o r g a n e l le s  h a s  b een  th e  p o s s i b i l i t y  t h a t  th e y  may be a r t i f i c i a l  f ra g m e n ts  
o f  o th e r  c e l l  o r g a n e l l e s ,  p r i n c i p a l l y  p lasm a m em brane, s in c e  th e  l a t t e r  
h a s  b een  c la im ed  to  be  th e  s i t e  o f  c h i t i n  s y n th e ta s e  [1 1 -1 3 ] ,  H ow ever, we 
have e s t a b l i s h e d  t h a t  a )  th e  ch ito so m e  membrane d o es n o t  h a v e , i n  s e c t io n ,  
th e  d im e n s io n s  o r  th e  a p p e a ra n c e  o f  p lasm a membrane [ 3 ] ;  b ) ch ito so m es  
la c k  th e  ATPase a c t i v i t y  c h a r a c t e r i s t i c  o f  plasm a mem branes ( J .  R u iz -  
H e r r e r a ,  p e r s o n a l  co m m u n ica tio n ); c ) s im i la r  ch ito so m e  p o p u la t io n s ,  in  
q u a l i t y  and q u a n t i t y ,  r e s u l t  from  c e l l s  b ro k en  by h a r s h  b a l l i s t i c  d is r u p ­
t i o n  w ith  g la s s  b e a d s  o r  by g e n t l e r  l y s i s  o f  p r o t o p la s t s  (S . B a r tn i c k i -  
G a rc ia ,  C. E. B ra c k e r , and J .  R u iz -H e r r e ra ,  u n p u b lis h e d ) ;  d) upon d is r u p ­
t i o n ,  th e  fu n g a l p lasm a membrane p ro d u ces  v e s i c l e s  t h a t  a r e  o f  a much l a r ­
g e r  s iz e  ra n g e  th a n  th e  ch ito so m e  p o p u la t io n  [ e . g . ,  1 4 ]; and e )  s e c t io n s  
o f  fu n g a l c e l l s  do show m ic r o v e s ic le s  s im i la r  to  ch ito so m e s  [ 3 ,7 ] ,
4) What i s  th e  s m a l le s t  c h i t i n  s y n th e s iz in g  e n t i t y ?  So f a r ,  we have 
found no e v id e n c e  f o r  c h i t i n  s y n th e s iz in g  p a r t i c l e s  s m a lle r  th a n  c h i t o ­
somes i n  c e l l - f r e e  e x t r a c t s  o f  f u n g i .  The ch ito so m e  a p p e a rs  to  be th e  
c y to l o g ic a l  u n i t  o f  c h i t i n  s y n t h e s i s .  I t  i s ,  how ever, p o s s ib le  to  a r t i f i ­
c i a l l y  d i s s o c i a t e  c h ito so m e s  in to  much s m a lle r  e n t i t i e s  o r  ch ito so m e  
s u b u n i t s .  F o llow ing  e a r l i e r  o b s e r v a t io n s  by Gooday and de R o u s s e t-H a ll  
[15] and Duran and C abib [16] on th e  " s o lu b i l i z i n g "  e f f e c t  o f  d ig i to n i n  on 
c r u d e  p r e p a r a t i o n s  o f  c h i t i n  s y n t h e t a s e ,  we w ere  a b l e  to  d i s s o c i a t e  
ch ito so m e s  w ith  0.5% d ig i to n i n  and o b ta in  a h ig h ly  homogeneous p o p u la t io n  
o f  p a r t i c l e s — ch ito so m e  s u b u n i t s — m easu ring  7 -12  nm d iam , w ith  a sedim en­
t a t i o n  c o e f f i c i e n t  o f  16 S and an e s t im a te d  m o le c u la r  w e ig h t o f  500 ,000  
[1 7 ] .  S im ila r  p a r t i c l e s  may be i s o l a t e d  from m y c e l ia l  w a ll p re p a ra ­
t i o n s  o f  M. r o u x i i  ( F i g .  6 ) [1 8 ] .
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The d i s s o c i a t i o n  p ro c e s s  i s  r e v e r s i b l e  and upon rem oval o r  d i l u t i o n  o f  
d ig i t o n i n  by c e n t r i f u g a t i o n  th ro u g h  a su c ro s e  d e n s i ty  g r a d i e n t ,  a  p a r t i a l  
re a s se m b ly  o f  c h i to s o m e - l ik e  s t r u c t u r e s  can  be o b se rv ed  ( F i g .  7 ) .  The 
re a s se m b le d  s t r u c t u r e s  r e t a i n  th e  c a p a c i ty  to  s y n th e s iz e  c h i t i n  m ic r o f i ­
b r i l s  i j i  v i t r o . Z y m o g en ic ity  i s  p re s e rv e d  d u r in g  d i s s o c i a t i o n  and r e a s ­
sem b ly . O ptim al c o n d i t io n s  and in g r e d ie n t s  needed f o r  f u l l  ch ito so m e  
re a s se m b ly  a r e  y e t  to  be d e te rm in e d . S eem in g ly , s t e r o l s  p la y  a c r u c i a l  
r o l e  in  th e  s t r u c t u r e  o f  ch ito so m e s  [1 0 ,1 7 ] .
F ig .  6 . P u r i f i e d  16 S s u b u n i ts  i s o l a t e d  by d i g i to n i n  e x t r a c ­
t i o n  from  m y c e l ia l  w a ll  p r e p a r a t i o n s  o f  Mucor r o u x i i .
F ig .  7 . R e a g g re g a tio n  o f  su ch  s u b u n i ts  in t o  v e s i c u lo i d ,  c h i t o -  
s o m e -lik e  s t r u c t u r e s ,  upon rem oval o f  d ig i to n i n  by 
s u c ro s e  d e n s i ty  c e n t r i f u g a t i o n .
Bar = 100 nm [1 8 ] .
In  s h o r t ,  c h ito so m e s  may be re g a rd e d  a s  th e  c y to lo p la s m ic  u n i t s  o f  c h i t i n  
s y n t h e ta s e ,  and th e s e  in  tu r n  a r e  made o f  16 S s u b u n i ts  w ith  an i n t r i n s i c  
c a p a c i ty  f o r  s e l f - a s s e m b ly  in t o  v e s i c u lo id  s t r u c t u r e s .
5) What r e g u l a t e s  th e  a c t i v i t y  o f  c h ito so m es?  Tem poral and s p a t i a l  
c o n t r o l s  m ust o p e ra te  to  r e g u l a te  th e  a c t i v i t y  o f  ch ito so m e s  in  tim e  and 
s p a c e  so  t h a t  m i c r o f i b r i l s  b e  p ro d u c e d  a t  t h e  r i g h t  t im e  an d  p l a c e .
Z y m o g en ic ity , a p r o p e r ty  o f  c h i t i n  s y n th e ta s e  f i r s t  d e s c r ib e d  by Cabib 
and F a rk a s  [ 1 9 ] ,  i s  p ro b a b ly  th e  m ain d e v ic e  by w hich c h ito so m e s  rem ain  
i n a c t i v e  in  th e  c y to p la sm . A f te r  re a c h in g  th e  c e l l  s u r f a c e ,  th e  zymogen 
would be a c t i v a te d  p resum ab ly  by a l o c a l  p r o t e o l y t i c  a g e n t .  So f a r ,  we 
have no s o l id  i n d i c a t i o n  th a t  ch ito so m e s  c o n ta in  t h e i r  own a c t i v a t i n g  
m echanism  and we m ust th e r e f o r e  invoke  an i n t e r a c t i o n  w ith  a  s u r f a c e  o r  
p e r ip la s m ic  p r o te a s e  to  e x p la in  zymogen a c t i v a t i o n .
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We have a l s o  i s o l a t e d  a s o lu b le  i n h i b i t o r y  p r o t e in  from  th e  c y to p la sm  o f  
M. r o u x l i  [2 0 ] w hich  i s  a  p o te n t  i n h i b i t o r  o f  th e  a c t i v i t y  ( n o t  a c t i v a ­
t i o n )  o f  c h i  t i n  s y n th e ta s e ,  b u t whose r o l e  in  v iv o  i s  n o t  y e t  d e f in e d .
The s p a t i a l  m echanism s and c o n t r o l s  needed  to  r e g u la te  th e  o r d e r ly  d e p lo y ­
m ent o f  c h ito so m e s  i n  th e  fu n g a l c e l l  a r e  unknown. Our u n d e rs ta n d in g  o f  
o r g a n e l le  movement and d i s p o s i t i o n  in  th e  l i v i n g  e u c a r y o t ic  c e l l  i s  now 
r a p i d ly  e v o lv in g  and f u r t h e r  d i s c u s s io n  o f  t h i s  to p i c  i s  p ro b a b ly  b e s t  
l e f t  f o r  a f u t u r e  o c c a s io n .
6 ) How do c h i to s o m e s  f u n c t io n  in  v i t r o ?  Where i s  c h i t i n  made by th e  
l i v i n g  c e l l ?  At th e  moment, th e s e  a r e  o u r m ost im p o r ta n t q u e s t io n s ,  
f o r  w h ich  u n e q u iv o c a l e x p e r im e n ta l  e v id e n c e  i s  n o t y e t  a v a i l a b l e .  We have 
c o n te m p la te d  two m a jo r p o s s i b i l i t i e s  [7 ] ( F ig .  8 ) :
a )  The ch ito so m e  becom es in t e g r a t e d  w ith  th e  plasm a m em brane. In t h i s  
r a t h e r  c o n v e n tio n a l  v iew , th e  ch ito so m e  would fu se  w ith  th e  plasm a mem­
b ra n e  in  th e  same m anner t h a t  v e s i c l e s  a r e  known to  do d u r in g  s e c r e to r y  
a c t i v i t y .  The f u s io n  p ro c e s s  would le a v e  an o rg a n iz e d  p a tc h  o f  c h i t i n  
s y n th e ta s e  m o le c u le s  whose o p e r a t io n  w ould r e s u l t  in  th e  fo rm a tio n  o f  lo n g  
c h i t i n  m i c r o f i b r i l s .  E v idence  s u p p o r tin g  l o c a l i z a t i o n  o f  c h i t i n  sy n th e ­
ta s e  in  th e  p lasm a membrane h as b een  p u b lis h e d  [1 1 - 1 3 ] .  A lthough  some o f  
th e  e v id e n c e , p a r t i c u l a r l y  t h a t  from C a b ib 's  g roup  [1 2 ] ,  i s  h ig h ly  su g g es­
t i v e ,  i t  i s  n o t  r i g o r o u s ly  c o n c lu s iv e ;  t h e i r  p lasm a membrane p r e p a r a t i o n s ,  
d e s p i t e  a  h ig h  l e v e l  o f  p u r i t y ,  a r e  s t i l l  c o n ta m in a te d  by p a r t i c u l a t e  o r  
sm a ll v e s i c u l a r  m a t e r i a l  w hich  m ig h t a c c o u n t f o r  a l l  o f  th e  c h i t i n  sy n th e ­
ta s e  a c t i v i t y .
CELL WALL
Fig. 8. Two hypothetical mechanisms for the operation of 
chitosomes in vivo.
b) The ch ito so m e  o p e r a te s  l a r g e l y  a s  an in d e p e n d e n t s t r u c t u r e .  Upon 
re a c h in g  i t s  d e s t i n a t i o n  somewhere a t  th e  plasm a m em brane/w all i n t e r p h a s e ,
480
CHITOSOMES AND CHITIN SYNTHESIS 
th e  c h ito so m e  would s y n th e s iz e  m i c r o f i b r i l s  in  a  m anner a n a lo g o u s  to  t h a t  
o b se rv ed  J r i  v i t r o  ( F i g s .  5 , 8 ) .  T here i s  no e x p e r im e n ta l  p ro o f  f o r  t h i s  
v ie w , b u t th e  c h i t i n  s y n th e ta s e  a c t i v i t y  found  t i g h t l y  a s s o c ia te d  to  c e l l  
w a lls  o f  M. r o u x i i  [21] may c o rre sp o n d  to  c h ito so m e s  p o s i t io n e d  a t  t h e i r  
f i n a l  " p e r ip la s m ic "  d e s t i n a t i o n .
7) Are ch ito so m e s  p r e s e n t  in  o th e r  fu n g i?  C h itosom es have  been  i s o l a t e d  
from  a v a r i e t y  o f  fu n g i b e lo n g in g  to  m a jo r taxonom ic g ro u p s  [ 5 ] .  In  a l l  
c a s e s  ex am ined , a  m a jo r p o r t io n  o f  th e  t o t a l  c h i t i n  s y n th e ta s e  a c t i v i t y  o f  
th e  c e l l - f r e e  e x t r a c t s  was re c o v e re d  in  th e  form o f  p a r t i c l e s  t h a t  e x h ib i ­
te d  th e  same s e d i m e n t a b i l i t y , m orpho logy , and s i z e  ra n g e , a s  th e  c h i t o ­
somes i s o l a t e d  from  y e a s t  c e l l s  o f  M. r o u x i i . The spec im ens in c lu d e  th e  
m y c e l ia l  phase  o f  Mucor r o u x i i , th e  m ycelium  o f  an  a q u a t ic  m old ( A llom yces 
m acrogynus) , budd ing  c e l l s  o f  th e  hem iascom ycetous y e a s t  ( Saccharom yces 
c e r e v i s i a e ) , th e  m ycelium  o f an  ascom ycete  ( N eu rospo ra  c r a s s a ) , and th e  
b a s id io c a r p  o f  a common mushroom ( A g a ric u s  b i s p o r u s ) . F ig .  9 i l l u s t r a t e s  
th e  c h ito so m e s  i s o l a t e d  from  S. c e r e v i s i a e . These p r e p a r a t i o n s  w ere s i ­
m i la r  to  th o s e  o f  >1. r o u x i i , b u t d i f f e r e d  in  two r e s p e c t s ;  f i r s t ,  i t  was 
q u i t e  d i f f i c u l t  to  e l im in a te  rib o so m es from  th e  j>. c e r e v i s i a e  sa m p le s ; 
se c o n d , th e  zymogen o f  J3. c e r e v i s i a e  resp o n d ed  p o o r ly  to  a c id  p r o t e a s e s  
b u t w e ll to  n e u t r a l  p r o t e a s e s ,  w hereas th e  r e v e r s e  was t r u e  f o r  th e  zymo­
gen o f  M. r o u x i i  [ 5 ] .  The ch ito so m e s  from  Saccharom yces c e r e v i s i a e  p ro ­
duced long  m i c r o f i b r i l s  ( F ig .  10) s im i la r  to  th o se  o b ta in e d  from M. r o u x i i
F ig .  9 . P u r i f i e d  ch ito so m e  p r e p a r a t io n  from Saccharom yces 
c e r e v i s i a e . Note abundance o f  c o n ta m in a t in g  r i b o ­
somes t h a t  su rv iv e d  RNase t r e a tm e n t .  Bar = 100 nm 
F ig .  10. C h it in  m i c r o f i b r i l s  s y n th e s iz e d  by ch ito so m e s  from 
S. c e r e v i s i a e  [ 5 ] .  C, c h ito so m e s ; R, r ib o so m e s ;
F , f i b r o i d  c o i l s .  Bar = 100 nm.
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On th e  b a s i s  o f  o u r  a d m i t te d ly  sm a ll b u t d iv e r s e  sam ple o f  fu n g i*  we 
have p roposed  t h a t  th e  o r g a n iz a t io n  o f  c h i t i n  s y n th e ta s e  in to  c h ito so m es 
i s  an  u b iq u i to u s  f e a t u r e  o f  a l l  c h i t in o u s  fu n g i  [5 ] ,
8 ) How i s  th e  s y n th e s is  o f  a c h i t i n  c h a in  i n i t i a t e d ?  S in ce  th e  d is c o ­
v e ry  o f  c h i t i n  s y n th e ta s e ,  th e  q u e s t io n  o f  c h i  t i n - c h a i n  i n i t i a t i o n  has 
b een  p o n d e re d . V ario u s p rim e rs  o r  i n i t i a t o r s  have been  p ro p o sed : c h i t o -  
d e x t r i n s  [ 2 2 ] ,  GlcNAc [ 2 3 ] ,  o r  a g l y c o l i p i d  [ 2 4 ] ,  In  r e c e n t  y e a r s ,  
p r o t e in s  have been  shown o r  p roposed  to  s e rv e  a s  p r im e rs  o r  a c c e p to r s  fo r  
th e  s y n th e s is  o f  p o ly s a c c h a r id e s ,  [2 5 ] .  In  v iew  o f  th e  a v a i l a b i l i t y  o f  a 
h ig h ly  p u r i f i e d  system  o f  c h i t i n  s y n th e ta s e ,  i . e . ,  c h ito s o m e s , we d ec id e d  
to  s e a rc h  f o r  e v id e n c e  th a t  c h i t i n  c h a in s  a r e  l in k e d  to  p r o t e in .
C hem ical a n a ly s i s  o f  m i c r o f i b r i l s  s y n th e s iz e d  in  v i t r o  by e i t h e r  c h i t o ­
somes from  y e a s t  c e l l s  o f  Mucor r o u x i i  o r  d ig i to n i n - d i s s o c i a t e d  enzyme 
(from  m y c e l ia l  w a l ls  o f  M. r o u x i i ) c o n ta in e d  a sm a ll b u t s i g n i f i c a n t  
p r o p o r t io n  o f  amino a c id s  a f t e r  6N HC1 h y d r o ly s is  [ 2 6 ] ,  T h is  p r o te in a ­
ceous m a te r i a l  was f i rm ly  bound and was o n ly  p a r t l y  r e le a s e d  by h a rs h  
e x t r a c t i o n  t r e a tm e n ts .  L ik e w ise , c h i t i n  i s o l a t e d  from  c e l l  w a l ls  o f  M. 
r o u x i i  h a s  p o ly p e p t id e  m a te r i a l  f i rm ly  bound to  i t  [2 6 ] .  We have p roposed  
t h a t  t h i s  p o ly p e p t id e  se rv ed  a s  th e  a c c e p to r  f o r  th e  i n i t i a t i o n  o f  c h i t i n  
c h a in s .  T here i s  e v id e n c e  t h a t  ex o g en o u sly  su p p lie d  p o ly p e p t id e s ,  e . g . ,  
p o ly - L - ly s in e ,  may com pete w ith  th e  presum ed a c c e p to r  o f  c h i t i n  s y n t h e s i s .
T unicam ycin  [ 2 7 ] ,  an  i n h i b i t o r  o f  p r o t e in  g ly c o s y la t io n  ( v i a  d o l i c h o l  
in te r m e d ia te s  [ 2 8 ] ) ,  was found to  i n h i b i t  c h i t i n  s y n th e ta s e  o f  M. r o u x i i  
[2 6 ] .
We have t e n t a t i v e l y  su g g e s te d  t h a t  c h i t i n - c h a i n  s y n th e s is  i s  a  tw o -s ta g e  
p ro c e s s :  a  c h a in  i n i t i a t i o n  s ta g e  v i a  g ly c o s y la t io n  o f  a p o ly p e p tid e  
a c c e p to r  and a su b se q u e n t s ta g e  o f  c h a in  e lo n g a t io n  by r e p e a te d  t r a n s f e r  
o f  GlcNAc from UDP-GlcNAc.
CONCLUSION
The ch ito so m e  a p p e a rs  to  be a  c e n t r a l  p ie c e  in  th e  c e l l u l a r  m ach in e ry  o f  
fu n g a l w a ll s y n t h e s i s ;  i t s  m is s io n  i s  to  d e l i v e r  an o rg a n iz e d  package o f  
c h i t i n  s y n th e ta s e  zymogen to  s p e c i f i c  s i t e s  w here c e l l  w a ll g row th  ta k e s  
p la c e .  The ch ito so m e  i s  made o f  16 S s u b u n i t s .  C o n c e iv a b ly , th e  c o n c e r­
te d  o p e r a t io n  o f  th e  o rg a n iz e d  s u b u n i ts  e n s u re s  th e  o r d e r ly  fo rm a tio n  o f  
lo n g ,  r e g u la r  m i c r o f i b r i l s .
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INTRODUCTION
Protoplasts obtained from leaves of certain plants, especially members 
of the Solanaceae, can synthesize new walls, undergo nuclear and cellular 
division and ultimately regenerate entire plants -(1,2). By contrast, 
protoplasts from leaves of cereals do not undergo sustained mitotic division 
when cultured under similar conditions on a wide range of media (3,*0-. Non­
dividing cereal protoplasts manifest a progressive decrease in rate of 
incorporation of amino acids and nucleosides into presumptive protein and 
nucleic acids, respectively (5)> as well as an increase in potentially 
detrimental hydrolases such as RNase and protease (6). This decrease in net 
synthetic activity and lack of mitosis in cereal protoplasts may result from 
a complex of senescence induced changes (7) or injury caused by plasmolysis
(8) that must precede protoplast isolation. These stresses can produce 
severe metabolic alterations, contributing to a blockage of the cell cycle.
Recently, substantial evidence has accumulated suggesting an important 
role of polyamines in regulating DNA synthesis and an orderly progression 
through the animal, cell cycle; similar evidence is far less extensive for 
plants. Accordingly, we have investigated the possible importance of 
polyamines in facilitating cereal protoplast division.
Polyamines
Polyamines such as putrescine, cadaverine, spermidine and spermine, 
which occur widely in prokaryotes and eukaryotes, have been known for over 
300 years, but their physiological importance has only recently been 
investigated. There is now much evidence that they play a significant role 
in the biosynthesis and function of nucleic acids in various biological 
systems (9.10), and it is probably through their interaction with these 
macromolecules that the polyamines are able to promote growth in certain 
microorganisms and animal cells. By contrast, comparatively little is 
known about the biological significance of polyamines in plants. In view of 
our recent experiments indicating their probable importance in physiological 
regulation in higher plants,we shall review briefly their occurrence and 
biochemical role, giving special emphasis to their possible effects on the 
control of physiological functions in plants.
Crystals of spermine phosphate were observed by van Leeuwenhoek (ll) in
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human sem en; o th e r  p o ly am in es  a r e  g e n e r a l l y  found  in  abundance  i n  c e l l s  
whose n u c le i  a r e  v e ry  a c t i v e .  P o ly am in es a r e  p ro b a b ly  u b iq u i to u s  in  
b i o l o g i c a l  m a t e r i a l s ,  a l th o u g h  th e  r e l a t i v e  am ounts o f  p u t r e s c in e ,  
sp e rm id in e  and  sp e rm in e  d i f f e r  g r e a t l y  i n  d i f f e r e n t  c e l l s .  P ro k a ry o te s  
h av e  a  h ig h e r  c o n c e n t r a t io n  o f  p u t r e s c in e  th a n  s p e rm id in e  and  l a c k  sp e rm in e , 
w h i le  e u k a ry o te s  u s u a l ly  h av e  o n ly  t r a c e  am ounts o f  p u t r e s c in e  and  h ig h e r  
c o n c e n t r a t io n s  o f  sp e rm in e  and  s p e rm id in e .
In  p l a n t s ,  m ost r e s e a r c h  on p o ly am in es  h as been  c e n te r e d  on p u t r e s c in e ,  
w h ich  h a s  b e e n  r e p o r te d  i n  a lg a e  (1 2 ) ,  f u n g i  (9 ) and  s e v e r a l  s p e c i e s  o f  
h ig h e r  p l a n t s  ( 9 ,1 3 ) .  S p e rm id in e  h a s  b een  i d e n t i f i e d  in  C h lo r e l la  ( 1 2 ) ,  
le a v e s  o f  to m a to  and  C h in ese  cabbage ( l l )  and to g e t h e r  w i th  s p e rm in e , in  
p o l l e n  g r a in s  o f  P e tu n ia  ( 1 5 ) .  H igh c o n c e n t r a t io n s  o f  s p e rm id in e  and 
sp e rm in e  have beer, r e p o r te d  i n  t h e  embryo ( l 6 ) and  i n  s e v e r a l  o th e r  p a r t s  
o f  c e r e a l  p l a n t s  ( 1 3 ,1 7 ) ,  a s  w e l l  a s  i n  tu b e r s  o f  J e ru s a le m  a r t i c h o k e  ( l 8 ) 
and  in  se e d s  from  a  l a r g e  v a r i e t y  o f  h ig h e r  p l a n t s  (1 9 ) .  S p e rm id in e  and 
sp e rm in e  a l s o  o c c u r  a s  c o n ju g a te s  o f  a  num ber o f  p la n t  a lk a l o id s  (1 3 ) .  
R e c e n tly  a l l  o f  t h e  above p o ly am in es  w ere  d e te c te d  in  a  number o f  
leg u m in o u s p l a n t s  ( 2 0 , 2 1 ) ,  w h ile  c a d a v e r in e  h as b een  i d e n t i f i e d  o n ly  
s p o r a d ic a l ly  i n  c e r e a l s  and  o th e r  f a m i l i e s  o f  h ig h e r  p l a n t s  (2 2 ) .
T h e re  a r e  r e p o r t s  s u g g e s t in g  t h a t  a  s u b s t a n t i a l  p r o p o r t io n  o f  th e  
i n t r a c e l l u l a r  p o ly am in es  i s  a t t a c h e d  t o  r ib o so m es and  t h a t  sp e rm in e , b u t 
n o t s p e rm id in e , i s  c o n c e n t r a te d  i n  th e  n u c le u s  ( 2 3 ,2 l ) .  In  p l a n t s ,  th e  
d i s t r i b u t i o n  o f  s p e rm id in e  and  sp e rm in e  in  b o th  th e  s u b c e l l u l a r  p a r t i c l e s  
a s  w e l l  a s  i n  t h e  s o lu b le  f r a c t i o n  o f  e t i o l a t e d  e p i c o t y l s  o f  Pisum 
sa tiv u m  h a s  been  in v e s t i g a t e d  ( 2 5 ) .  In  c h lo r o p la s t s  o f  E u g len a  and  sp in a c h  
l e a v e s ,  t h e  r a t i o s  be tw een  sp e rm id in e /s p e rm in e  and  p u t r e s c in e /s p e r m in e  a r e  
lo w er th a n  i n  th e  co m p le te  c e l l  (2 5 ) .
The pathw ay f o r  t h e  b io s y n th e s i s  o f  p u t r e s c in e  and  s p e rm id in e  was 
f i r s t  e s t a b l i s h e d  i n  m ic ro o rg a n ism s  and  was l a t e r  found  t o  be  v e ry  s i m i l a r  
i n  a n im a l c e l l s  ( 2 6 ) .  P u t r e s c in e  a r i s e s  from  a r g i n in e  by  one o f  two 
p a th w ay s: A rg in in e  can  lo s e  u r e a  t o  become o r n i t h i n e ,  and th e  l a t t e r  can  
be  d e c a rb o x y la te d  by  th e  enzyme o r n i t h i n e  d e c a rb o x y la s e  (ODC) t o  form  
p u t r e s c in e .  A l t e r n a t i v e l y ,  a r g i n in e  can  b e  d e c a rb o x y la te d  by  th e  enzyme 
a r g i n in e  d e c a rb o x y la s e  (ADC) to  y i e l d  a g m a tin e ;  t h e  l a t t e r  can  th e n  lo s e  
u re a  t o  become p u t r e s c in e .  The second  pathw ay  seem s t o  o c c u r  p r e f e r e n t i a l ­
l y  i n  p l a n t s  ( 9 ,  2 7 ) .  S p e rm id in e  and sp e rm in e  a r e  th e n  form ed from  
p u t r e s c in e  by  th e  c o n s e c u t iv e  a d d i t io n  o f  p ro p y lam in o  r e s id u e s  d o n a te d  by 
d e c a rb o x y la te d  S -a d e n o s y lm e th io n in e  (SAM) g e n e ra te d  v i a  S -a d e n o s y lm e th lo n -  
in e  d e c a rb o x y la s e  (SAMD) (9,1**). By a  s e p a r a te  p a th w ay , c a d a v e r in e  may b e  
form ed from  d e c a rb o x y la t io n  o f  l y s i n e  ( 9 ,1 3 ) .
The p o ly am in es  a r e  c a ta b o l i z e d  by v a r io u s  w id e ly  d i s t r i b u t e d  am ine 
o x id a s e s  w h ich  p ro b a b ly  s e rv e  t o  r e g u l a t e  i n t r a c e l l u l a r  p o ly am in e  l e v e l s .  
T hese enzymes f u n c t io n  by a  v a r i e t y  o f  m echanism s: In  b a c t e r i a ,  th e  bonds 
a d ja c e n t  to  th e  s e c o n d a ry  am ine g ro u p  o f  t h e  p o ly am in es  a r e  a t t a c k e d ,  
s p l i t t i n g  t h e  m o le c u le  t o  form  1 , 1 -d ia m in o b u ta n e  ( p u t r e s c in e )  o r  1 , 3 - 
d iam in o p ro p an e . I n  a n im a ls ,  p lasm a am ine o x id a s e  o x id i z e s  th e  p rim a ry  
am ino g ro u p s  o f  t r i -  and  t e t r a - a m in e s  o n ly ,  g iv in g  r i s e  to  d ia ld e h y d e s  ( 2 8 ).
I n  h ig h e r  p l a n t s ,  e s p e c i a l l y  in  le g u m e s , d iam in e  o x id a s e  h as been  
r e p o r te d  to  c a ta ly z e  t h e  o x id a t io n  o f  p r im a ry  am ine g ro u p s  o f  b o th  th e  
d iam in es  and  p o ly am in es  ( 1 3 ,2 9 ) .  D iam ine o x id a s e  a c t i v i t y  was n o t  d e te c te d  
in  c o ty le d o n s  o f  u n g e rm in a te d  p e a  se e d s  b u t in c r e a s e d  s i g n i f i c a n t l y  w i th in
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a  few  h o u rs  a f t e r  g e rm in a t io n .  Soybean d iam in e  o x id a s e  re s e m b le s  th e  enzyme 
from  p e a , b u t d o es n o t a p p e a r  i n  t h e  c o ty le d o n s  u n t i l  a t  l e a s t  6 days a f t e r  
g e rm in a t io n ,  and  re a c h e s  maximum a c t i v i t y  in  r o o t s  and  h y p o c o ty ls  1  and  3 
d ay s r e s p e c t i v e l y  a f t e r  g e rm in a t io n  ( 1 3 ) .  The p o ly am in e  o x id a s e  w hich  
o x id i z e s  s p e rm id in e  and sp e rm in e  h a s  b een  fo u n d  in  t h e  le a v e s  o f  many 
G ram ineae b u t  n o t  i n  t h e  le a v e s  o f  many o th e r  mono- o r  d ic o ty le d o n o u s  p l a n t s  
i n v e s t i g a t e d  (3 0 ) .  T h is  enzyme i s  m ost a c t i v e  on sp e rm in e , o x id iz in g  i t  to  
1 ,  3 -d iam in o p ro p an e  and l ( 3 - a m in o p r o p y l ) - p y r r o l in e .  I n  o a t s ,  t h e  p o ly am in e  
o x id a s e  a c t i v i t y  i s  h ig h  in  s e e d l in g s  grown i n  th e  d a rk  and low  in  s e e d l in g s  
grown i n  t h e  l i g h t  (1 3 ) .
P o lyam ines b eh av e  a s  c a t i o n s  a t  p h y s io lo g ic a l  pH and  a r e  known t o  b in d  
s t r o n g ly  t o  n u c le i c  a c id s  and  p r o t e in s  c o n ta in in g  n e g a t iv e ly  c h a rg e d  g ro u p s . 
They a s s o c i a t e  w i th  DNA and  RNA, and  a r e  known t o  s t a b i l i z e  t h e  s e c o n d a ry  
s t r u c t u r e  o f  th e s e  com pounds, th e r e b y  m aking them  m ore r e s i s t a n t  to  
n u c le a s e  and th e rm a l d e n a tu r a t i o n .  In  c e l l - f r e e  sy s tem s from  b a c t e r i a l  and 
mammalian c e l l s ,  e v e ry  s t e p  i n  p o ly p e p t id e  s y n th e s i s  can  be s t im u la te d  by 
a d d i t i o n  o f  p u t r e s c i n e ,  sp e rm id in e  o r  sp e rm in e  (9 ,1 0 ,l l+ ) .  I n  p o ly a m in e - 
d e f i c i e n t  m u ta n ts  o f  E . c o l l , po ly am in es have  b e e n  r e p o r te d  t o  p a r t i c i p a t e  
d i r e c t l y  i n  p r o t e i n  s y n th e s is  ( 3 1 ) ;  f o r  p l a n t s ,  th e  l i m i t e d  e v id e n c e  
s u g g e s ts  an  a n a lo g o u s  r e l a t i o n s h i p  betw een  th e s e  am ines and  m ac ro m o lecu la r 
m e tab o lism  ( 3 2 ,3 3 ,1 3 ) .
E f f e c t s  o f  p o ly am in es  have  b een  n o te d  on RNA p o ly m e ra se , DNA p o ly m er­
a s e  and  r i b o n u c le a s e .  I n  b a c t e r i a l  and  mammalian s y s te m s , p o ly am in es  a t  
low c o n c e n t r a t io n s  e n h a n c e , w h ile  h ig h  c o n c e n t r a t io n s  i n h i b i t  DNA-dependent 
RNA p o ly m era se  (9 ,2 l* ). I n  p l a n t s  a l s o ,  sp e rm id in e  in c r e a s e d  th e  a c t i v i t y  
o f  RNA p o ly m era se  in  p r e p a r a t i o n s  from  m aize  s e e d l in g s  (3 * 0 , H e lia n th u s  
tu b e r o s u s  (1 9 ) ,  and soybean  h y p o c o ty l ( 3 5 )* In  c o n t r a s t ,  t h e  e f f e c t s  o f  
p o ly am in es  on  DNA p o ly m era se  a r e  n o t c l e a r l y  u n d e r s to o d ,  a lth o u g h  i t  h a s  
b een  s u g g e s te d  t h a t  th e  am ines i n t e r a c t  w ith  t h e  n u c le i c  a c id s  r a t h e r  th a n  
w i th  th e  enzym es ( 2 h-) .
S p e rm id in e  and sp e rm in e  have b een  r e p o r te d  t o  i n h i b i t  t h e  a c t i v i t y  o f  
p u r i f i e d  r i b o n u c le a s e  p r e p a r a t i o n s  in  s e v e r a l  o th e r  sy s tem s ( 21» ,3 6 , 3 7 ) .  
S e v e r a l  g ro u p s  o f  w o rk e rs (3 8 ) su g g e s te d  t h a t  sp e rm in e  i n h i b i t s  RNase 
a c t i v i t y  by  b in d in g  t o  p h o sp h a te  g ro u p s  o f  RNA, th e r e b y  p r o t e c t i n g  th e  
i n t e r n u c l e o t i d e  l in k a g e s  from  d e g r a d a t io n .  More r e c e n t ly  sp e rm id in e  and 
sp e rm in e  have been  r e p o r te d  t o  p ro m o te , r a t h e r  th a n  i n h i b i t ,  RNase a c t i v i t y  
i n  b a c t e r i a l  and mammalian c e l l s .  H ow ever, t h e s e  RNases have  s p e c i f i c i t y  
f o r  bonds in v o lv in g  p y r im id in e s  r a t h e r  th a n  p u r in e s  (3 9 , 1*0).
P u t r e s c in e  and r e l a t e d  am ines have been  d e s c r ib e d  a s  g row th  f a c t o r s  in  
some m ic ro o rg a n ism s , mammalian c e l l  l i n e s  and h ig h e r  p l a n t s  (9 , 1 0 , 2 6 , 1+1 ) .  
S p e rm id in e  c o n c e n t r a t io n  i s  h ig h e s t  in  new born r a t  t i s s u e s  and d e c re a s e s  
s t e a d i l y  w ith  age  (1*2). I f  t h e  r a t s  a r e  i n j e c t e d  w ith  s u f f i c i e n t  g row th 
horm one to  in d u c e  an in c r e a s e  i n  RNA s y n t h e s i s ,  t h e r e  i s  a  r i s e  in  
in c o r p o r a t io n  o f  am in o p ro p y l fra g m e n ts  from  m e th io n in e  in t o  s p e rm id in e . 
I n h i b i t i o n  o f  sp e rm id in e  and sp e rm in e  s y n th e s is  in  r a t  embryo f i b r o b l a s t s  
by m e th y lg ly o x a l-b is (g u a n y lb y d ra z o n e )  (MGBG), w h ich  i s  known t o  b lo c k  SAMD 
a c t i v i t y ,  r e s u l t s  i n  g row th  a r r e s t  i n  t h e  G1 p h a se  o f  t h e  c e l l  c y c le .  
A d d itio n  t o  s p e rm id in e  o r  sp e rm in e  t o  such  M G B G -inhibited c e l l s  r e s u l t s  in  
r a p id  re s u m p tio n  o f  p r o l i f e r a t i o n  (1*3). S im ila r  c o r r e l a t i o n s  betw een  
g row th  and p o lyam ine  b io s y n th e s i s  have  been  shown in  C h in ese  h a m s te r o v a ry  
c e l l s  ( 1*1+) and  in  r a t  l i v e r  tum ors ( 1*5 ) .
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W hile v e ry  l i t t l e  i s  known ab o u t th e  b io c h e m ic a l r o l e  o f  p o ly am in es  in  
p l a n t s ,  in c r e a s in g  a t t e n t i o n  i s  now b e in g  g iv e n  t o  t h e i r  r o l e  a s  g row th  
f a c t o r s .  T hese  am ines a r e  p r e s e n t  in  t r a c e  am ounts in  dorm ant tu b e r s  o f  
H e lia n th u s  tu b e r o s u s  b u t  i n c r e a s e  10 -20  f o l d  when th e  tu b e r s  s t a r t  t o  grow . 
In  v i t r o , g row th  o f  th e  tu b e r  s l i c e s  i s  s t im u la te d  by p o ly am in es and  t h i s  
s t im u la t io n  i s  s i m i l a r  t o  t h a t  o b se rv e d  by IAA t r e a tm e n t .  S in c e  IAA 
a p p l i c a t i o n  r e s u l t s  i n  p o ly am in e  a c c u m u la tio n , i t  was p ro p o se d  t h a t  a  r i s e  
in  p o lyam ine  t i t e r  m ig h t m e d ia te  some o f  t h e  g row th  e f f e c t s  o f  IAA ( l 8 ) .  
S im ila r  i n c r e a s e s  in  sp e rm id in e  a c c u m u la tio n  w ere  o b ta in e d  a f t e r  au x in  
(NAA) t r e a tm e n t  (1*6). As i n  an im a l t i s s u e s ,  p la n t  tum ors c o n ta in  h ig h e r  
l e v e l s  o f  p o ly am in es  th a n  do n o rm al c e l l s ; sp e rm in e  l e v e l s  r i s e  t h r e e f o l d ,  
w h ile  p u t r e s c in e  l e v e l s  can  r i s e  100  f o l d  o r  more a f t e r  tum or in d u c t io n  
(i*7). P u t r e s c in e  l e v e l s  a r e  a l s o  known t o  r i s e  re m a rk a b ly  in  s e v e r a l  
w id e ly  d i f f e r i n g  s p e c ie s  o f  h ig h e r  p la n t s  when th e y  a r e  grown i n  p o ta s s iu m  
o r  m a g n e s iu m -d e f ic ie n t c o n d i t io n s  (1 3 ) .  I n c r e a s e d  l e v e l s  o f  p u t r e s c in e  
w ere a l s o  r e p o r te d  in  b ro a d - b e a n " le a v e s  when th e  p l a n t s  w ere  grown in  N aCl- 
r i c h  medium ( 9 ) .  I n f i l t r a t i o n  o f  c a d a v e r in e  o r  p u t r e s c in e  i n t o  d e v e lo p in g  
e a r s  o f  w heat in c r e a s e d  n u c le i c  a c id  c o n te n t  and g row th  o f  se e d s  (A8 ) .
V a r ia t io n s  o f  po lyam ine  c o n c e n t r a t io n s  d u r in g  s e e d l in g  g row th  may b e  
r e l a t e d  t o  t h e i r  f u n c t io n  a s  g row th  f a c t o r s  in  some p l a n t s .  F o r exam p le , 
d u r in g  th e  g row th  o f  P h a se o lu s  v u lg a r i s  s e e d l i n g s , sp e rm id in e  and  sp e rm in e  
d e c re a s e  i n  c o ty le d o n s  sind in c r e a s e  in  s h o o t s ,  w ith  s im u lta n e o u s  in c r e a s e s  
in  l e v e l s  o f  RNA and  p r o t e in s  and g row th  (1+9). More r e c e n t l y ,  a  c lo s e  
r e l a t i o n s h i p  was shown t o  e x i s t  be tw een  th e  s i t e  and m ag n itu d e  o f  po lyam ine 
a c c u m u la tio n  and th e  c o n te n ts  o f  n u c le ic  a c id s  and p r o t e in s  in  t h e  r a p i d ly  
g row ing  em b ry o -ax is  o f  L a th y ru s  s a t iv u s  ( 5 0 ) .  A ccum ula tion  o f  c a d a v e r in e  
was a s s o c ia te d  w i th  r i s e  in  n u c le i c  a c id  and p r o t e in  c o n te n ts  d u r in g  
em bryonic  developm ent and g ro w th . A s i m i l a r  c o r r e l a t i o n  betw een  po lyam ine 
c o n c e n t r a t io n  and  RNA, b u t  n o t  DNA, c o n te n t  was o b se rv e d  in  s u s p e n s io n  
c u l t u r e s  o f  P a u l 's  S c a r l e t  ro s e  c e l l s  ( 5 l ) .  P o lyam ines h ave  a l s o  b een  
shown t o  a f f e c t  t h e  a c t i v i t y  o r  l e v e l  o f  num erous enzymes in  p l a n t s  (1 3 ) .  
Most r e c e n t l y ,  i t  h a s  b een  su g g e s te d  t h a t  t h e s e  p o ly am in es  may p la y  a  r o l e  
in  c e l l u l a r  d i f f e r e n t i a t i o n  d u r in g  em b ry o g en esis  o f  c a r r o t  c e l l  c u l t u r e s ,  
s in c e  p u t r e s c in e  and sp e rm id in e  l e v e l s  ( 5 2 ) a s  w e l l  as a r g in in e  d eca rb o x y ­
l a s e  a c t i v i t y  ( 5 3 ) in c r e a s e  w i th in  2b h r s  a f t e r  t r a n s f e r  o f  c e l l s  t o  
em bryogen ic  medium.
MATERIALS AND METHODS
GALSTON ET AL.
P r o t o p la s t  i s o l a t i o n
The f i r s t  l e a f  o f  7 -d a y - o ld  s e e d l in g s  o f  Avena s a t i v a  L . ( v a r .  
V ic to r y )  was u se d  f o r  i s o l a t i o n  o f  p r o t o p l a s t s .  The se e d s  w ere  grown in  
V e rm ic u li te  in  c o n t r o l l e d  g ro w th  rooms w ith  a  l 6 - h r  p h o to p e r io d  o f  1 2 ,0 0 0  
lu x  a s  d e t a i l e d  in  an e a r l i e r  r e p o r t  ( 5 ) .
The le a v e s  w ere  s t e r i l i z e d  by im m ersion  i n  70% e th a n o l  f o r  2 m in u te s ,  
2 w ashes w ith  s t e r i l e  d i s t i l l e d  w a te r ,  f u r t h e r  d ip p in g  i n  10% C lo rox  f o r  
5 m in u te s  c o n ta in in g  Tween 20 ( l  d ro p /1 0  m l ) ,  and f i n a l l y  5-6 r i n s e s  w ith  
s t e r i l e  d i s t i l l e d  w a te r .  A l l  m a n ip u la t io n s  w ere p e rfo rm ed  a s e p t i c a l l y  in  
a  la m in a r  f lo w  hood .
P r o t o p la s t s  w ere  i s o l a t e d  by  s t r i p p i n g  o f f  th e  lo w er e p id e rm is  and 
f l o a t i n g  th e  l e a v e s ,  s t r i p p e d  s id e  down, on 0.5% w /v C e l lu ly s in  (B g ra d e , 
C alb iochem ) in  B5 medium ( 3 ) o r  in  1 mM p h o sp h a te  b u f f e r ,  pH 5 .8 ,  w ith
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0 .i* M s o r b i t o l  o r  0 .6  M m a n n i to l  f o r  2 h r  a t  30 - 1 C. The r e l e a s e d  
p r o t o p la s t s  w ere  c o l l e c t e d  by  c e n t r i f u g a t i o n  a t  50  g f o r  5 m in , th e n  w ashed 
3 tim e s  w ith  t h e  above medium by  c e n t r i f u g a t i o n  and  r e s u s p e n s io n .  The 
f i n a l  p r o t o p l a s t  p e l l e t  was re s u sp e n d e d  a t  & c o n c e n t r a t io n  o f  c a  3 x  1CK 
p r o t o p la s t s / m l  and c u l t u r e d  i n  B5 medium w ith  t h e  fo l lo w in g  a d d i t i v e s :
100 g /1  m a n n i to l ,  15 g /1  s u c r o s e ,  2 m g/1 o - n a p h th y la c e t ic  a c id  (NAA), 1 
m g/1 b e n z y la d e n in e  (B A ), 6000 mg/ 1  CaCl2, 100 m g/1 L ~ a s c o rb a te ,  100 mg/1 
i n o s i t o l ,  250 m g/1 x y lo s e ,  250 mg/1 a r a b in o s e ,  and 1 mM o f  any  o f  th e  th r e e  
p o ly am in es  ( c a d a v e r in e ,  s p e rm in e , s p e rm id in e )  a s  t h e i r  HC1 s a l t s  (S ig m a). 
The c u l t u r e  medium was f i l t e r - s t e r i l i z e d  and th e  pH was a d ju s te d  t o  
C o n tro l  t r e a tm e n ts  in c lu d e d  no p o ly a m in e s . The p r o t o p l a s t  s u s p e n s io n s  w ere 
c u l t u r e d  a s  20 X d ro p s  h an g in g  from  c o v e rs  o f  P e t r i  d i s h e s ;  5 m l o f  th e  
same medium was in c lu d e d  i n  th e  b o tto m  o f  each  P e t r i  d is h  t o  e s t a b l i s h  
v a p o r p h ase  e q u i l ib r iu m  w ith  t h e  d ro p s .  The d is h e s  w ere p la c e d  in  m o is t 
cham bers i n  th e  d a rk  and th e  p r o t o p l a s t s  w ere  c u l tu r e d  f o r  v a ry in g  le n g th s  
o f  tim e  a t  room te m p e ra tu re  ( c a  23 C ).
L a b e lin g  e x p e rim e n ts
A liq u o ts  o f  one h a l f  m l su s p e n s io n s  o f  p r o t o p la s t s  c o n ta in in g  2 -5  x 
10  5 p r o t o p la s t s / m l  w ere  in c u b a te d  u s u a l ly  f o r  1* h r  w ith  20 p i  o f  10 y C i/m l 
L - le u c in e  ( [U ,5-^H (N ) ] ,  s p e c i f i c  r a d i o a c t i v i t y  60 C i/m  m o le ) ;  100 y C i/m l 
u r i d in e  ( [5 -^ H ], s p e c i f i c  r a d i o a c t i v i t y  2 7 .6  Ci/m  m o le ) ;  o r  100 y C i/m l 
th y m id in e  (m e tb y l-^ H ), s p e c i f i c  r a d i o a c t i v i t y  56 . it C i/m  m o le ) . A l l  r a d i o ­
a c t i v e  p r e c u r s o r s  w ere  p u rc h a s e d  from  New England. N u c le a r Co. The in c u b a ­
t i o n  was p e rfo rm ed  i n  t r i p l i c a t e  in  c o v e re d  d is p o s a b le  m ic ro b e a k e rs  i n  a  
D ubnoff m e ta b o lic  sh a k in g  in c u b a to r  (ItO r e c i p r o c a l  s t ro k e s /m in )  a t  23 -  1 C, 
At th e  end  o f  each  in c u b a t io n  p e r i o d ,  20 -50  y l  a l i q u o t s  w ere  p ip e t t e d  o n to  
d i s c s  o f  Whatman No. 3 MM f i l t e r  p a p e r  and th e  in c o r p o r a t io n  o f  l a b e l  in to  
T C A -in so lu b le  m a t e r i a l s  was m easu red  a s  d e s c r ib e d  in  an e a r l i e r  p a p e r  ( 5 ) .  
The w ashed and a i r - d r i e d  d i s c s  w ere  p la c e d  in  2 m l o f  A quaso l (New E ngland  
N u c le a r)  i n  m in i v i a l s , and r a d i o a c t i v i t y  d e te rm in e d  in  an  A n s itro r , 
s c i n t i l l a t i o n  c o u n te r .
The s p e c i f i c i t y  o f  in c o r p o r a t io n  o f  e ach  p r e c u r s o r  was a s s e s s e d  by 
d e te r m in a t io n  o f  t h e  d e g re e  t o  w h ich  th e  in c o r p o r a t io n  p ro d u c t co u ld  be 
h y d ro ly z e d  by  a p p r o p r ia t e  s p e c i f i c  enzym es. L eu c in e  in c o r p o r a t io n  in to  
p r o t e in  was t e s t e d  by p ro n a s e  (C alh iochem ) in c u b a te d  a t  37 C f o r  1 h r  p r i o r  
t o  u se  t o  i n a c t i v a t e  DNase and RNase. F i l t e r  p a p e r  d i s c s  c o n ta in in g  th e  
l a b e l l e d  m a t e r i a l  w ere in c u b a te d  a t  37 C f o r  1 h r  in  50 ug /m l p ro n a s e  in  
100 mM TRIS b u f f e r ,  pH 8 .0 .  U r id in e  in c o r p o r a t io n  i n t o  RNA was t e s t e d  by 
p a n c r e a t i c  RNase (W o r th in g to n ) , h e a te d  5 min a t  100 C p r i o r  t o  u se  to  
e l im in a te  DNase and p r o t e a s e  a c t i v i t y .  D isc s  w ere  in c u b a te d  i n  50 yg/m l 
RNase i n  100 mM a c e t a t e  b u f f e r  pH 5 .5 .  T hym idine in c o r p o r a t io n  i n t o  DNA 
was t e s t e d  by DNase (W o rth in g to n ) s t i p u l a t e d  a s  b e in g  R N a s e -fre e . D iscs  
w ere in c u b a te d  in  50 y g /m l DNase i n  25 mM TRIS b u f f e r ,  pH 7 , w ith  5 mM 
MgCl2 . The a c t i v i t y  o f  t h i s  DNase was t e s t e d  a g a in s t  % - l a b e l l e d  X-phage 
DNA. O ver 90% o f  th e  c o u n ts  from  t h i s  m a t e r i a l  was s o l u b i l i z e d  by th e  
enzym e. P re l im in a ry  e x p e rim e n ts  r e v e a le d  t h a t  no c o u n ts  from  l a b e l l e d  
m acro m o lecu les  w ere l o s t  from  t h e  f i l t e r  p a p e r  d i s c s  d u r in g  in c u b a t io n  in  
b u f f e r  a lo n e ;  o n ly  a c t i v e  enzyme a p p e a re d  t o  s o l u b i l i z e ,  and  th u s  rem ove 
th e  c o u n ts  from  each  o f  th e  l a b e l l e d  p r e c u r s o r s .  In  each  c a s e ,  a f t e r  
a p p r o p r ia te  en zy m a tic  t r e a tm e n t ,  t h e  r e s i d u a l  u n d ig e s te d  m acrom olecu le  on 
th e  f i l t e r  p a p e r  was p r e c i p i t a t e d  w ith  t r i c h l o r o a c e t i c  a c id ,  p ro c e s s e d  as 
d e s c r ib e d  above and  c o u n te d .
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S ta in in g  p ro c e d u re s
M ito t ic  a c t i v i t y  was d e te rm in e d  by d i r e c t  o b s e r v a t io n ,  by  c o u n tin g  
n u c l e i ,  and by s t a i n i n g  th e  p r o t o p l a s t s  w ith  1% a c e to -c a rm in e  o r  m o d if ie d  
c a r b o l f u c h s in .  B r i e f l y ,  a l i q u o t s  o f  t h e  p r o t o p la s t  s u s p e n s io n  w ere  m ixed 
w ith  t h e  f i x a t i v e  a c e t i c  a c id : e th a n o l  i n  a  1 :9  r a t i o  (v /v )  in  0 .2  M 
m a n n i to l  and k e p t a t  4 C f o r  2b h r .  The f ix e d  p r o t o p l a s t s  w ere  s t a in e d  and 
th e n  g e n t ly  sp re a d  t o  v i s u a l i z e  th e  chromosomes w ith o u t  e x c e s s iv e  c ru s h in g  
o f  th e  c e l l .  The d a ta  p r e s e n te d  a r e  from  s i n g l e  e x p e r im e n ts ,  w hich 
g e n e r a l ly  w ere  r e p r e s e n t a t i v e  o f  a  number o f  e x p e r im e n ts  (2 - 1+) i n  each  
t r e a tm e n t .
RESULTS AND DISCUSSION
C h a r a c t e r i z a t io n  o f  m ac ro m o leeu la r p r o d u c t s .
F re s h ly  i s o l a t e d  p r o t o p l a s t s  from  o a t  l e a v e s ,  d e s p i t e  t h e  I n ju r y  and  
o sm o tic  s t r e s s  e x p e r ie n c e d  d u r in g  i s o l a t i o n ,  a r e  a b le  t o  in c o r p o r a t e  % -  
l e u c i n e ,  u r i d in e  and  th y m id in e  in t o  t r i c h l o r o a c e t i c  a c id - in s o l u b le  m acro­
m o le c u le s  (T a b le  I ;  s e e  a l s o  r e f e r e n c e  5 ) .  The n e t  in c o r p o r a t io n  in c r e a s e d  
w ith  t im e  i n  c u l t u r e  f o r  18 h r .  S e p a ra te  d ig e s t i o n  o f  t h e  t r i c h l o r o a c e t i c  
a c id - in s o l u b le  com ponents w ith  p ro n a s e  and  RNase showed t h a t  i n  b o th  f r e s h  
and  1 8 - h r  o ld  p r o t o p l a s t s ,  o v e r  70? o f  t h e  le u c in e  and  u r i d in e  w ere 
in c o r p o r a te d  in t o  a u th e n t i c  p r o t e in  and RNA, r e s p e c t i v e l y .  I n  c o n t r a s t ,  
none o f  th e  th y m id in e  was in c o r p o r a te d  i n t o  DNA o f  f r e s h l y  i s o l a t e d  p r o to ­
p l a s t s  , and o n ly  a b o u t 13? was in c o r p o r a te d  i n t o  DNA o f  th e  c u l t u r e s  aged  
f o r  18 h r s  b e f o r e  ex p o su re  t o  ^H -thym id ine  (T a b le  l ) .  Even when th e  p r o t o ­
p l a s t s  w ere c u l t u r e d  f o r  lo n g e r  p e r io d s  (!+-8 d a y s ) ,  DNA s y n th e s i s  d id  n o t 
o c c u r  s i g n i f i c a n t l y  and th e  p r o t o p l a s t s  d id  n o t show any  m i to t i c  d iv i s i o n .  
In  to b a c c o  p r o t o p l a s t s ,  on t h e  o th e r  h a n d , b o th  in c o r p o r a t io n  o f  th y m id in e  
in t o  DNA and c e l l  d iv i s i o n  have  b een  o b se rv e d  (5 * 0 . T h u s , o a t  p r o t o p la s t s  
can  s y n th e s iz e  ab u n d an t p r o t e in  and  RNA, b u t n o t s i g n i f i c a n t  q u a n t i t i e s  o f  
DNA, and hen ce  a p p e a r  t o  b e  a r r e s t e d  a t  th e  p h a se  o f  th e  c e l l  c y c le .
E f f e c t  o f  p o ly am in es  on in c o r p o r a t io n  o f  th y m id in e .
The a b i l i t y  o f  o a t  p r o t o p l a s t s  t o  in c o r p o r a te  -^H -thym idine i n t o  t r i ­
c h lo r o a c e t i c  a c id - in s o l u b le  m a t e r i a l  d e c re a s e s  r a p i d ly  w ith  tim e  o f  c u l t u r e  
o f  p r o t o p l a s t s  a f t e r  18 h r  (T a b le  2 ) .  T re a tm e n ts  w i th  c a d a v e r in e ,  sp e rm i­
d in e  o r  sp e rm in e  n o t o n ly  p re v e n t  t h i s  d e c l i n e ,  b u t  i n c r e a s e  t h e  e x te n t  o f  
in c o r p o r a t io n  o f  th y m id in e  in t o  t r i c h l o r o a c e t i c  a c id - in s o l u b le  m a t e r i a l s .  
S perm ine t r e a tm e n t  w ere m ost e f f e c t i v e  in  en h an c in g  in c o r p o r a t io n  and in  
s t a b i l i z i n g  th e  p r o t o p l a s t s  d u r in g  c u l t u r e .
The r a p id  d e c l in e  i n  t h e  a b i l i t y  o f  t h e  c o n t r o l  p r o t o p l a s t s  t o  sy n th e ­
s i z e  DNA d u r in g  c u l t u r e  s u g g e s ts  t h a t  th e s e  p r o t o p l a s t s  a r e  s u b je c t  to  
p o s t i s o l a t i o n  s e n e s c e n c e . R ed u c tio n  o f  such  s e n e s c e n c e , a s  shown by  p o ly ­
a m in e -in d u ced  n e t  in c r e a s e  i n  th y m id in e  in c o r p o r a t io n ,  i s  s u p p o r te d  by 
e a r l i e r  o b s e r v a t io n s  o f  p o ly am in es  a s  s e n e s c e n c e  i n h i b i t o r s  i n  o a t  le a v e s  
( 5 5 ) ,  o a t  p r o t o p l a s t s  ( 6 , 7 , 5 6 ) ,  and c e r t a i n  mammalian c e l l s  ( 8 ) .
E f f e c t  o f  p o ly am in es  on DNA s y n th e s i s  and  m i to t i c  a c t i v i t y .
M easurem ents o f  t h e  amount o f  in c o r p o r a te d  ^H -thym id ine  rem oved by 
d ig e s t i o n  w ith  DNase (T a b le  3 ) show t h a t  o n ly  a b o u t 12? o f  su ch  th y m id in e  
was p r e s e n t  i n  DNA in  c o n t r o l  p r o t o p l a s t s .  A d d itio n  o f  c a d a v e r in e  o r
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spermine to the culture medium increased this value to about 18J» and 21%, 
respectively. Although these polyamine-mediated increases in DNA synthesis 
are relatively small, they are consistent and significant, not only in the 
l*-day old cultures but also in cultures continued for longer periods.
The increased DNA synthesis led us to investigate the effect of poly­
amines on mitotic activity. While control protoplasts showed only sporadic 
nuclear divisions, treatments with 1 mM spermidine or spermine significantly 
increased their frequency (Table 1* ). Polyamine treatments produced numer­
ous binucleate cells as well as typical mitotic figures (Figure l). These 
observations demonstrate that (a) oat leaf protoplasts cultured on usual 
defined media are able to synthesize abundant proteins and RNA but not 
substantial quantities of DNA, and (b) treatments with polyamines measurably 
increase DNA synthesis as well as mitotic activity in these cells.
The implications of this finding for future work on cereal protoplast 
culture may be profound. It is important to recognize, however, that the 
permeability of the protoplast to polyamines is limited, and that polyamine 
oxidase may destroy those polyamines that penetrate. Much more research is 
needed before this can become a standard method. Most promising at present 
is the combine use of polyamines, pinocytosis inducers and polyamine 
oxidase inhibitors.
SUMMARY
Polyamines, known to increase nucleic acid synthesis and mitosis in 
various animal and microbial systems, have been applied to the problem of 
cereal protoplast culture. Freshly isolated protoplasts from leaves of oat 
seedlings (Avena sativa L. var. Victory) do not divide when cultured on a 
wide range of media, but are capable of incorporating tritiated leucine, 
uridine and thymidine into trichloroacetic acid-insoluble macromolecules. 
Over 70% of the leucine and uridine incorporated over an l8-hr period are 
found in protein and RNA, respectively, as shown by hydrolysis of the 
macromolecular products with a specific protease or RNase. However, little 
or none of the tritiated thymidine is incorporated into macromolecules 
hydrolyzable by DNase over an 18-96 hr period, and even this incorporation 
of thymidine into trichloroacetic acid-insoluble material declines sharply 
with increasing time of culture after 18 hr. Addition of di- or polyamines 
such as putrescine, cadaverine, spermidine and spermine to the medium not 
only prevents the decline, but actually increases net incorporation of all 
precursors, including a fraction of thymidine going into DNA. A significait 
increase in mitoses and binucleate protoplasts is also observed in 72-168 
hr cultures.
The inability of freshly isolated oat leaf protoplasts to synthesize 
significant quantities of DNA suggests that they are arrested at the G-^ 
phase of the cell cycle. Treatment with polyamines appears to promote both 
DNA synthesis and the inception of mitotic activity in oat protoplasts, as 
in numerous animal and microbial cells.
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F ig u r e  1 M i to s i s  i n  o a t  l e a f  p r o t o p l a s t s
A / A naphase  fro m  120 h r  c u l t u r e  i n  B5 medium + 1 mM s p e r m id in e  
/4-00 x /  and  B / ,  b i n u c l e a t e  c e l l  from  120 h r  c u l t u r e s  i n  B5 
medium + 1 mM s p e r m id in e  /4-00 x / .  P r o t o p l a s t  c u l t u r e s  w ere  
' f i x e d  i n  l i 3  a c e t i c  a c i d / e t h a n o l  and s t a i n e d  w ith  1 %  a c e t o -  
c a rm in e
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TABLE 1 Characterization of macromolecular products resulting from incorporation of tritium 
labelled leucine,uridine and thymidine into oat leaf protoplasts
4CPM/5 x 10 protoplasts
Age of
protoplasts,
hr
■'tt-leucine 
P ro n a s e
H-uridine
incorporation 
into protein
RNase i n c o r p o r a t i o n  
i n t o  RNA
3H -th y m id in e
DNase
+
%
incorporation 
into DNA
mo
V
0
18
514 120 7? 310 77
4852 836 83 1301 376
75 173 171 0
71 284 247 13
TABLE 2 E f f e c t  o f  p o ly a m in e s  on i n c o r p o r a t i o n  o f  ^ H -th y m id in e  i n t o  T C A -in s o lu b le  m a t e r i a l  by 
o a t  l e a f  p r o t o p l a s t s  c u l t u r e d  a s  h a n g in g  d ro p s
^ H -th y m id in e  i n c o r p o r a t i o n
Incubation 18 hr 96 hr
medium absolute - 
cpm/6 x 10^  
protoplasts
relative
/%/
absolute , 
cpm/6 x 10^  
protoplasts
re lat: 
/%/
Control, B5 medium 284 100 171 100
+ Cadaverine, 1 mM 355 125 298 174
+ Spermidine, 1 mM 433 152 385 224
+ Spermine, 1 mM 413 145 412 240
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TABLE 3 Effect of polyamines on incorporation of H-thymidine into DNA of oat leaf protoplasts 
cultured as hanging drops for 96 hr
3
^H-tymidine, cpm/6 x 10'’ protoplasts Incorporation
Incubation
medium
__________________________________ into DNA
-DNase +DNase Difference
Control, B5 medium 284 251 33 12
+ Cadaverine, 1 mM 326 26? 59 18
+ Spermine, 1 mM 412 328 84 21
TABLE 4 Effect of spermidine on the frequency of binucleate oat leaf protoplasts cultured
Age
in
as hanging drops 
of cultures Nuclear counts
%
Binucleate
hr Total protoplasts 
observed Binucleate protoplasts
0 972 2 0.20
18 895 2 0.22
120, control 610 3 -.40
120, 1 mM spermidine 532 12 2.20
MACROMOLECULAR SYNTHESIS IN  CEREAL PROTOPLASTS 
REFERENCES
1. y. P. S. BajaJ, Protoplast Isolation, culture and somatic hybridiza­
tion, in J. Reinert, Y. P. S. BajaJ, eds, Plant Cell, Tissue and 
Organ Culture. Springer-Verlag, Berlin, 1(67 (1977).
2. J. F. Shepard, and R. E. Totten, Mesophyll cell protoplasts of potato. 
Isolation proliferation, and plant regeneration, Plant Physiol. 60,
313 (1977).
3. F. Brenneman, and A. W. Galston. Experiments on the cultivation of 
protoplasts and calli of agriculturally important plants. 1. Oat 
(Avena aativa L«), Biochem. Physiol. Pflanzen 168, 1*53 (1975) -
1*. P. G. King, I. Potrykus, and E. Thomas, In vitro genetics of cereals: 
problems and perspectives, Physiol. Vég. l6, 3Ő1 (1978).
5. Y. Fuchs , and A. W. Galston, Macromolecular synthesis in oat leaf 
protoplasts, Plant Cell Physiol 17, **75 (1976).
6. A. W. Galston, A. Altman, and R. Kaur-Sawhney, Polyamines, ribonuclease 
and the improvement of oat leaf protoplasts, Plant Sei. Lett 11. 69 
(1978).
7. A. Altman, R. Kaur-Sawhney, and A. W. Galston, Stabilization of oat 
leaf protoplasts through polyamine-mediated inhibition of senescence, 
Plant Physiol. 60, 570 (1977).
8. P. E. Duffy, and L. T. Kremzner, Ornithine decarboxylase activity and 
polyamines in relation to aging of human fibroblasts, Exp. Cell Res. 
108, 1*35 (1977).
9. U. Bachrach, Function of naturally occurring polyamines, Academic 
Press, New York (1973).
10. S. S. Cohen, Introduction to the Polyamines, Prentice-Hall, Englewood 
Cliffs, N. J. (Í971).
11. A. van Leeuwenhoek, Observations d. Anthonii Leeuwenhoek, de Natis é 
semine genitali Aminalculis, Phil. Trans. 12, 10l*0 (1678).
12. T. Kanazawa, T. Yanagisawa, and H. Tamiya, Aliphatic amines occurring 
in Chlorella cells and changes of their contents during the life cycle 
of the alga, Z. Pflanzenphysiol. 5**, 57 (1966).
13. T. A. Smith, Recent advances in the biochemistry of plant amines, in 
Progress in Phytochemistry, N. Reinhold, J. B. Harborne, T. Swain, eds. 
Pergamon Press, Oxford, V, 27 (1977).
1**. H. Tabor, and C. W. Tabor, Spermidine, spermine and related amines, 
Pharmacol. Rev. l6, 2**5 (196*0.
15. H. F. Linskens, A. S- L. Kochuyt, and A. So, Regulation der 
Nucleinsäuren-synthese durch polyamine in keimendem Pollen von Petunia. 
Planta 82, 111 (1968).
16. G. Moruzzi, and C. M. Caldarera, Occurrence of polyamines in the germs 
of cereals, Arch. Biochem. Biophys. 105 , 209 (196**).
17. N. Bagni, C. M. Caldarera, and G. Moruzzi, Spermine and spermidine 
distribution during wheat growth, Experientia 23. 1 (1967).
18. S. Cocucci, and N. Bagni, Polyamine-induced activation of protein 
synthesis in ribosomal preparation of Helianthus tuberosus tissue.
Life Sei. 7, 113 (1968).
19. N. Bagni, Spermine e spermidina nei semi, G. Botanico Ital. 102, 67 
(1968).
20. A. Mercado, and B. Gollek, (translators), Structure and function of 
plant cells in saline habitats. New trends in the study of salt 
tolerance, John Wiley and Sons, New York (1973).
21. S. Ramakrishna, and P. R. Adiga, Amine levels in Lathyrus sativus 
seedlings during development, Phytochemistry 1**, 63 (1975).
32* 495
22. T. A. Smith, and G. Wilshire, Distribution of cadaverine and other 
amines in higher plants. Phytochemistry ll*. 23^ 1 (1975).
23. H. Shimizu, Y. Kakimoto, and I. Sano, Spermine and spermidine in blood 
cells, and a possible occurrence of spermine in cell nucleus, Arch 
Biochem. Blcphys. 110, 368 (1965).
2*4. L. Stevens, The biochemical role of naturally occurring polyamines in 
nucleic acid synthesis, Biol. Rev. 1*5, 1 (1970).
25. N. Bagni, and D. Serafini Fracassini.The role of poiyamines as growth 
factors in higher plants and their mechanism of action, in Plant Growth 
Substances, Hirokava Publishing Co., Tokyo, 1205 Í1971»).
26. C. W. Tabor, and H. Tabor, 1,U-diaminobutane (putrescine), spermidine 
and spermine, Ann. Rev. Blochern. 1+5, 285 (1976).
27. T. A. Smith, The physiology of the polyamines and related compounds, 
Endeavor 31, 22 (-1972).
28. R. Kapeller-Adler, Amine oxidases and methods for their study, Wiley - 
Interscience, New York, (1970).
29. J. M. Hill, and P. J. G. Mann, Some properties of plant diamine 
oxidase: a copper containing enzyme, in Recent aspects of nitrogen 
metabolism in plants. Ed. E. J. Hewitt, and C. V. Cutting, Academic 
Press, London W9 (l968).
30. T. A. Smith, Polyamine oxidase in higher plants, Biochemical and 
Biophysical Research Communications 1*1, ll+52 (1970).
31. I. D. Algranati, and S. H. Goldemberg, Polyamines and their role in 
protein synthesis, Trends in Biochemical Sei. 2, 272 (1977).
N, Bagni, S. Audisio, and D. Serafini Pracassini, Polyamine interaction 
with nucleic acids in normal and tumor tissues of Nicotians. The 
9th International Conference on Plant Growth Substances , Lausanne,
TMrrnrmietT,' av UTíb1;.------- -------- -----
33. S. Ramakrishna, and P. R. Adiga, Amine levels in Lathyrus sativus 
seedlings during development, Phytochemistry ll*, 63 (1975).
3k. E. R. Stout, and R. J. Mans, Partial purification and properties of 
RNA polymerase from maize, Biochim. Biophys. Acta. 13^ , 327 (1967).
35. T. J. Guilfoyle, and J. B. Hanson, Increased activity of chromatin- 
bound ribonuclease acid polymerase from soybean hypocotyl with 
spermidine and high ionic strength, Plant Physiol. 51, 1022 (1973).
36. S. Mitra, and P. Kalesberg, Interaction of poiyamines with turnip 
yellow mosaic virus RNA, Biochem. Biophys. Res, Coamun. 11, 1Á6 (1963).
37. E . J. Gabbay, and R. R. Shimshak, Topography of nucleic acid helices in 
solutions, IV. Effect of poiyamines on RNase-catalyzed hydrolysis of 
polyadenylic acid, Biopolymers 6, 255 (1968).
38. R. Kedracki, and W. Szer, A note on the effect of spermine on 
degradation of pyrimidine polynucleotides by pancreatic ribonuclease, 
Acta. Biochim. Polon, ll+, l63 (1967).
39. K. Igarashi, H. Kumagai, Y. Watanabe, N. Toyoda, and S. Hirose, Change 
of substrate specificity by poiyamines of ribonucleases which hydrolyze 
ribonucleic acid at linkages attached to pyrimidine nucleotides. 
Biochem. Biophys, Res. Commun. 67, 1070 (1975).
1*0. H. Kumagai, K. Igarashi, M. Yoshikawa, and S. Hirose, Effects of
poiyamines on the activities of Escherichia coli ribonuclease I and II, 
J. Biochem. 8l, 381 (1977).
1*1. M. Inouye, and A. B. Pardee, A requirement of poiyamines for bacterial 
division, Ann. N. Y. Acad. S e i . 1 7 1 ,  901 ( 1 9 7 0 ) .
1*2. J. Janne, A. Raina, and M. Siimes, Spermidine and spermine in rat 
tissues at different ages, Acta Physiol. Scand. 62, 352 (196h).
GALSTON ET AL.
496
MACROMOLECULAR SYNTHESIS IN CEREAL PROTOPLASTS
1*3. H. T. Rupniak, and D. Paul, Inhibition of spermidine and spermine 
synthesis leads to grovth arrest of rat embryo fibroblasts in ,
J. Cell Physiol. 91*, l6l (1978).
1*1*. D. J. M. Fuller, E. W. Gerner, and D. H. Russell, Polyamine biosynthe­
sis and accumulation during the G1 to S phase transition, J. Cell 
Physiol. 93, 81 (1977).
1*5. A. Perin, and A. Sessa, Changes in polyamine levels and protein
synthesis rate during rat liver carcinogenesis induced by U-dimethyl- 
aminoazobenzene, Cancer Research 38, 1 (1978).
1*6. F. Shuber, and C. Lambert, Metabolism of ornithine and arginine in
Jerusalem artichoke tuber tissue. Relationship with the biosynthesis of 
polyamines, Physiol. Veg. 12, 571 (197s*).
1*7. N. Bagni, D. Serafini Fracassini, and E. Corsini, Tumors of Scoraonera 
hi3panica: their content in polyamines, Z. Pflanzenphysiol. 67, 19 
(1972).
1+8. T. A. Smith, The occurrence,metabolism and functions of amines in 
plants, Biol. Rev. 1*6, 201 (1971).
1*9. N. Bagni, Metabolic changes of polyamines during the germination of 
Phaseolus vulgaris. Mew Phytol. 69, 159 (1970).
50. S. Ramakrishna, and P. R. Adiga, Amine levels in Lathyrus sativus 
seedlings during development. Phytochemistry lU, 63 (19751.
51. T. A. Smith, Polyamines in Paul's Scarlet rose suspension cultures. 
Planta ll*U, 63 (1978).
52. M. J. Montague, J. W. Koppenbrink, and E. G. Jaworski, Polyamine 
metabolism in embryogenic cells of Daucus carota, 1. Changes in 
intracellular content and rates of synthesis, Plant Physiol. 62, 1*30 
(1978).
53. M. J. Montague, T. A. Armstrong, and E. G. Jaworski, Polyamine 
metabolism in embryogenic cells of Daucus carota. 2.Changes in 
arginine decarboxylase activity, Plant Physiol. 63, 3**1 (1979).
5l*. A. Zelcer, and E. Galun, Culture of newly isolated tobacco protoplasts 
precursor incorporation into protein, RNA and DMA, Plant Sei. Lett.
7, 331 (1976).
55. R. Kaur-Sawhney, and A. W. Galston, Interaction of polyamines and 
light on biochemical processes involved in leaf senescence, Plant. 
Cell and Environment 2, 189 (1979).
56. R. Kaur-Sawhney, W. R. Adams, Jr., J. Tsang, and A. W. Galston, Leaf 
pretreatment with senescence retardants as a basis for oat protoplast 
improvement, Plant Cell Physiol. l8, 1309 (1977).
497

A U T H O R I N D E X
E a r l , A. 85
Farkas,  T. 457
Ferenczy,  L. 55
Finkelman,  M. 447
F e a t h e r s t o n e , D.R. 363 
F l o r e s ,  H. 485
Fodor,  K, 19,  235
Fourni er ,  F. 43
Freeman, S. 425
Freeman, R.F. 131
Gacto,  M. 183
Gado , 1 . 235
Gal s ton,  A.W. 485
Galun,  E. 357
Garcia-Acha,  I.  199,  205
Gerbaud, C. 43
Gerson,  D.F. 447
Grimsley,  N.H, 363
Guerineau,  M. 43
Hadibi ,  E. 221
Hadlaczky,  Gy. 307
Hall  , J .L.  93 , 463
Harms, Ch.T. 321
H e r n a l s t e e n s , J . P.  425 
H e s l o t , T. 43
H i r a n o . T .  163
Hockney,  R.C. 139
Hoffman, F. 287
Horvath,  G. 207
Horvath,  I.  457
Horvath,  L. I .  457
Hot chki s s ,  M.G. 29
3 3 499
A i g l e s ,  M. 43
A l f ö l d i ,  L. 1 9 , 2 5
A1tman, A. 485
Ambrus, G. 235
Ashton,  N.W. 363
Aviv,  D. 357
Baj s zár ,  Gy. 307
B a r t n i c k i -Garcia ,S.  469 
B a s t i d e ,  J.M. 221
B a s t i d e ,  M. 221
Becher,  D. 99,  105
B e l l i a r d , G. 349
B e n i t e z ,  T. 199
Beucke l eer ,  de,M. 425 
Bi nding,  H. 315
B i s s e l i n g ,  T. 441
Blanc,  H. 43
Böt t cher ,  F. 99,  105,  113 
B r i a r t y ,  L.G. 213
B r e t t e l ,  R. 269
Broughton,  W.S. 441
Brunner,  A. 93
Butenko,  R.G. 293
Cocking, E. C. 3 , 4 2 5
Co ur t i c e ,  G.R.M. 363
Cove,  D.S.  363
Crof t ,  J. H.  73,  85
Dal es , R.B.G. 73,  85
Davey,  M.R. 425
Draper,  S. 425
Dudi t s ,  D. 307,  457
Ourán A. 183
Hot chk i s s ,  R.D. 29
Huang , Mei- juan 261
Isaac , S . 213
Jo uv er t ,  S. 221
Kämmen,van,  A. 441
Kapuit s e v i c h , Yu.G. 125 
Kari , Cs. 235
Katamine,  S. 49
Kawakami, H. 49
Kawakami, N. 49
Khmel, I . A. 37
Ki s s ,  Zs.R.  341
K1inner,  V. 9 9 , 1 1 3
K o b l i t z ,  H. 383
Kochba, J.  321
Kohlenbach,  H.W. 287
Koncz,  Cs. 307
Krens,  F. 407
Krumbiegel , G. 301
Kuchko, A.A. 293
Land, P. 145
Láng, T. 235
Lázár,  G. 307
Lázár,  Ga br i e l l a  341 
Li ,  Xiang-hui  261,  275
L i , Wen-bi n 261
Lloyd,  C.W. 469
Lörz,  H. 377
Lurqui n , P. F. 389
Mali ga , P. 341
Márton,  L. 389,  407
Meadows, M.G. 447
Melchers ,  G. 283
Mencze l , L. 341
Molendi jk,  L. 407
Mondo, H. 49
Morgan, A.J.  93
Montagu, van,  M. 425
Nagy,  F. 341 
NeCas, 0. 151 
Nehl s ,  R. 315 
Nombela,  C. 205
Ooms, G. 407
Rey , d e l , F. 205
Ros tás ,  K. 19
Samsonova,  I .A.  99,  113
Sánchez,  M. 205
Sant os ,  T. 205
Savchenko,  G.V. 125
Sawhney,  R.K. 485
S c h e i be r ,  D. 221
S c h e l 1 , S. 425
Schenck,  M. 287
S c h i e de r ,  0.  301
Schi 1owa , B. 99
S c h i l p e r o o r t ,  R.A. 407
SI abas , A. R. 469
Spata,  L. 131
Spencer,  D.M. 145
Spencer ,  J . F . T .  145
Sun, Yung-ru 261
Svoboda,  A. 119
Szvoboda,  Gy. 235
Takebe,  I.  431 
Tanaka,  A. 163 
Tanaka , H. 49 
Tayl or ,  A.R.D. 463 
Thomas, E. 269 
Tudor, I.  425 
Turner,  G. 85 
T y r r e l 1,  D. 229
V a s i l ,  I .K.  255
V a s i l ,  V. 255
Vigh,  L. 457
V i l i aneuva , J . R. 183
Vorobjeva , I . P. 37
Wa 1 den , D. B. 4 47
500
We b e r ,  H, 131
W e n z e l , G. 327
W e r r i c k e ,  W. 269
W h i t t a k e r  , P . A. 93
W o o i , K . C . 441
Wu l l e m s ,  G . J .  407
W ü r z e r - F i g u r e l 1 i , L. 407
Xuan ,  Le Thi  341
Yan,  Q i u - s h e n g  261
33» 501
I N D E X  O F  O R G A N I S M S
B r a s s i c a  napus  269,  287,  288,  
289,  290,  291,  328
n i g r a  287,  288,  289,
291
Bromus i n e r m i s  243,  244
Candida a l b i c a n s  222,  223,  225 
b o i d i n i i  131,  132,  223 
g u i l l i e r m o n d i i  113,  
131,  133,  223
t r o p i c a l i s  8 ,  56,  59,  
99,  147,  223
u t i l i s  173,  174,  175,  
176,  177,  178,  187,  223 
Centrosema p u b e s c e n s  441,  445 
Cep halosporium acremonium  8,  
56,  64,  70
C h l o r e l l a  e l l i p s o i d e a  49,  50,  
52,  54
C h o r i s t o n e u r a  f u m i f e r a n a  229 
C i t r u s  s i n e n s i s  322,  324,  328 
Cryp toaoacus  a l b i d u s  173,  174,  
176,  187,  193
d i f f l u e n c e  176 
t e r r e u s  177 
i n f i r m o - m i n i a t u s
177
Datura Candida 302,  303,  304 
discolor 302,  303 
innoxia 301,  302,  303,  
304,  328
metel 305,  328 
meteloides 328 
sanguinea 302,  303,  305 
stramonium 302,  303 
Dauaus oapillifolius 308,  309 
carota 248,  279,  291 , 
307,  308,  309,  311,  328,  
469
Dissosteira Carolina 230
E s c h e r i c h i a  c o l i  20,  37,  38,  
39,  40,  43,  45,  47
502
Aegopodium p o d a g r a r i a  307 
308,  309
A g a r i c u s  b i s p o r u s  481 
A g r o b a c te r iu m  r a d i o b a c t e r  409 
t u m e f a a i e n s  390 ,  
401,  402,  403,  407,  408,
409,  410,  411,  413,  414,
415,  416,  417,  418,  419,
420,  422,  425,  426,  428
A l lo m y c e s  macrogynus  481 
A l t e r n a r i a  s o l a n i  333 
t e n u i s  359
Anabaena a y l i n d r i a a  49,  50,  52,  
54
A v d b i d o p s i s  t h a l i a n a  290,  291,  
341,  347,  403 
A r t h r o b a c t e r  l u t e u s  54 
Asparagus  o f f i c i n a l i s  328 
A s p e r g i l l u s  e c h i n u l a t u s  86 ,  89 
f u m i g a t u s  59,  66 
3apo n io u s  434 
n i d u l a n s  8,  56,  57,  
59 , 6 5 ,  66,  68,  69,  70,  73,  
74,  75,  81,  82,  85,  86,  88,  
89,  90,  207,  213,  214,  215,  
218
n i g e r  67
q u a d r i l i n e a t u s  81,  
82,  86,  88,  89
r u g u l o s u s  57,  65,  66 
67,  68,  69 , 70,  73 
A tropa  b e l l a d o n n a  301,  302,  304,  
328
A u r eobas id ium  p u l l u l a n s  447,  452 
454,  455
Avena s a t i v a  244,  256,  488,  491
B a c i l l u s  a n t h r a o i s  20
m egater ium  3,  4,  7,  19,  
20,  21,  22,  23,  35,  37,  40 
65,  239
s u b t i l i s  7,  19,  20,  21,  
22,  23,  24,  39,  40,  65,  67 
B r a s s i c a  a a m p e s t r i s  287,  288,  
289,  290,  291
c a r i n a t a  287,  288 
j u n c e a  287 , 288
Entomophthora e g r e s s a  229 , 230,  
232,  233
g r y l l i  229,  230 
v i r u l e n t a  229,  
230,  231,  232,  233
Fun ar ia  h y g r o m e t r i c a  364
Geotr ichum candidum  55
l a a t i s  191,  192 
Globodera p a l l i d a  334 
G ly c in e  max 316,  441,  442,  445
H a n sen iaspora  uvarum 175
v a l b y e n s i s  175 
Hansenu la  anomala  125,  127,  
173,  174 ,176
b i m u n d a l i s  125,  
126,  127
polymorph a  125,  
126,  129
w i n g e i  57,  173,  
179,  186,  205,  210 
H e l i a n t h u s  t u b e r o s u s  487,
488
H e l i x  po m a t ia  3,  99,  152 
Hordeum v u l g a r e  244,  279,
379
üyoscyamus m u t i c u s  272,
328,  378
Ipomea b a t a t a s  278,  279
Kalanahoe d i a g r e m o n t i a n a  410 
K luyverom yces  a e s t u a r i i  173,  
174,  177
f r a g i l i s  59,  
173,  174,  176
l a a t i s  57,  59,  
86,  93,  94,  95,  97
p h a s e o l o s p o r u s  
173,  174,  175,  178,  179
Lambdina f i s e e l l a r i a  229
Lam in a r ia  a l o u s t o n i i  172 
L a th y r u s  s a t i v u s  488 
L y a o p e r s io o n  e s o u l e n t u m  285,  
321,  328
M icr ococcus  l y s o d e i k t i c u s  3 
Micromonospora e c h in o s p o r a  235,  
239
i n y o e n s i s  235,  
237
Muaor raaemosus  56
r o u x i i  475,  476,  477,
478,  479,  480,  481,  482
Myrothecium v e r r u c a r i a  4
N i c o t i a n a  a l a t a  277,  279
d e b n e y i  291,  349,
355
g la u ca  279,  316,  325 
k n i g h t i a n a  341,  342,  
343,  344,  345,  346
r u s t i c a  277,  278,
279
s y I v e s t r i s 291 , 34
342 , 343 , 344 , 345 , 346
357 , 358, 359, 360, 361
tabacum 111.  279,
280, 291, 322 , 324, 328
341, 345 , 347 , 349 , 351
355 , 357 , 358 , 359 , 360
378 , 379 , 381, 390. 410
411, 413 , 414, 415, 416
418, 421, 426 , 463
Oryza s a t i v a  244,  246,  248,  
279
Paramecium a u r e l i a  90 
P e n i c i l l i u m  chrysogenum  58,
66,  67,  68,  70
c i t i n u m  58 , 66 
a y a n e o - fu l v u m  58,  
66,  67,  68,  70
i t a l i c u m  206,  207 
r o q u e f o r t i i  58,
66
P en n i se tu m  americanum  243,  244,  
255,  256
503
P e t r o s e l i n u m  h o r t e n s e  307 , 
310,  311
P e t u n i a  h y b r i d a  279,  301,
315,  316,  317,  328,  427 
p a r o d i i  301,  328,
427
P h a seo lu s  v u l g a r i s  488 
P h y s c o m i t r e l l a  p a t e n s  8 ,  363,  
364,  365,  368,  370,  373,  
374,  375
Phycornyaes b l a k e s l e e a n u s  56 
P h y to p h th o r a  c inomomii  213 
i n f e s t a n s  333 
P i o h i a  g u i l l i e r m o n d i i  99,
100,  101,  102,  104,
113,  114,  118 
p a s t o r i s  176 
p i n u s  127,  131,  132 
polymorpha  173,  174,  
175,  177,  178,  187 
Pisum s a t i v u m  441,  445,  486 
Podospora a n s e r i n a  85
Rh izobium  t r i f o l i i  422 
Rhod os po r id ium t o r u l o i d e s  57,  
99,  100,  104,  105,  110
R h o d o to ru la  m in u ta  176,  177 
g l u t i n i s  177 
m u c i l a g i n o 8 a  176
Saccharomyces  c a r l s b e r g e n s i s*3-LO 139, 142, 143
c e v e v i s i a e 1 0 ,
43, 47, 49,  52 , 86, 95,
99, 1 0 0 , 103, 104,  119 ,
1 2 0 , 121 . 122, 123 , 125 ,
132 , 139 , 155, 157 , 164 ,
173, 174 , 175, 176 , 177,
178, 184 , 188, 189, 190,
191, 205 , 207 , 208, 209 ,
2 1 0 , 222 , 225 , 481
d i a s t a t i c u s 139
140, 141 , 142, 143, 145
e l e g á n s  173
8 ,f i b u l i g e r a
59
g a p o n icu s  174
l i p o l y t i c a 57,
131, 132 , 133, 134
r o s e i 176
Saacharum o f f i c i n a l e 244
Sah izo sa cch a ro m ya es  pombe 57,
99, 119, 1 2 0 , 1 2 1 , 122  ,
123, 175, 176 , 187 , 193
v e r s a t i l i s
173, 176, 177 , 179 , 187
S e c a le  ae r e á l e 279
Solanum b r e v i d e n s  334
ch acoen se  293,  294,  295,  
296,  297,  298,  299,  331 
i n f u n d i b u l i f o r m e  3 3 Í 
phurega  284,  331,  334 
s p a r s i p i l u m  331,  334 
t a r i e n s e  331
tuberosum  293,  294,  295,  
296,  297,  298,  299,  321,  
328,  329,  331,  334
Sorghum b i c o l o r  244,  246 
Sporobolomyce8 a l b i d u s  176
s a l m o n i c o l o r  176 
S t r a t i o t e s  a l o i d e s  3 
S t r ep t o m y a e s  a o e l i c o l o r  29 
g r i s e u s  191
Tr ic hode rma harz ianum  214,  229
230 , 231
v i r i d e 199,  200,
201 , 202,  203 , 207,  208,
221 , 222,  277
T r i t i c u m a e s t i v u m 244,  261,
279 , 457
monococcum 244,  246,
261
T o r u l o p s i s  anatomiae  224
V i c i a  fa b a  279,  280,  315,  316,  
317,  318,  319 
Vigna s i n e n s i s  390
u n g u i a u l a t a  441,  442,  443,  
445
Xenopus l a e v i s  389
Zea mays 244,  246,  378,  379,  
447,  452,  454,  455
504
S U B J E C T I N D E X
c a t a b o l i t e  r e pr e s s i o n  206
505
aberr at i on  104,  157,  199,  
202,  203,  317,  333 
a c e t y l e n  reduct ion  441,  442,  
443,  444,  445
acri  f l a v i n e  76,  88,  99,  101,  
102,  106,  107,  110,  114,  
116
a 1 c a n e - u t i 1i z i n g  y e a s t s  131,  
132
a l l o p l o i d  288
amph i d i p l o i d  285 , 287 , 293 , 
303,  336
amp hi haploid 269 
amylase 290,  304,  305,  334 
amyl og l ucos i das e  140 
aneuploid 26,  57,  66,  67,  68,
127,  303,  333
anthers  289,  329,  331,  335,  
351,  358,  422
anther cu l t ure  246,  248,  359 
ant i  tubul i n  469 , 470,  471 
ATP-ase 463,  464,  465,  467,  
478
auxotrophic  markers 57,  101,
102,  109,  127 128,  129,
145,  369
mutants 24,  29,  
35,  46,  56,  57,  58,  64,  
73,  94,  99,  100,  104,  
105,  106,  107,  113,  117,
119,  121,  125,  126,  127,
128,  135,  145,  149,  235,
239,  301,  325,  363,  368,
370,  372,  374,  375,  381,
390
benomyl 73 , 76 , 79 , 101 , 116 , 
135
bl ue- green  a l ga l  t hy l ako i d  49,  
50,  52
b i parent a l  b a c t e r i a  30,  31,  
32,  33,  34
brewing y e a s t s  139,  145,  149,  
176
caulonemata-  363,  364,  365,  
370,  373
c e l l
c y c l e  153,  155,  156,  157,  
158,  190 ,  202,  261,
266,  485,  487,  490,
491
d i v i s i o n  5,  244,  247,  
248,  255,  256,  261,
263 , 264,  271 ,' 277 ,
278,  280,  380,  408,
469,  470,  473,  490 
membrane 383,  384,  385 
shape 155,  1B5, 263,
470,  473
s urface  414,  448,  449,  
452,  455,  479 
wall  3,  4,  156,  157,
158,  171,  172,  173,
175,  176,  178,  180,
183,  185,  186,  187,
188,  190,  191,  192,
199,  202,  203,  205,
207,  221,  222,  256,
277 , 368 , 385 , 39o,
415,  436,  442,  463,
470,  480,  481,  482 
wall  formation 257,  261,  
323,  445,  482 
wall  regenerat i on  5,  20,  
120,  123,  131,  151,
152,  153,  154,  155,
156,  239,  258,  265,
266,  277,  280,  366,
396,  475
c e l l u l a s e  4 ,  199,  200, 201,  
202,  203,  263,  277,
331,  349,  434,  441,
452,  469,  471
C e l l u l y s i n  256,  257,  378,
488
cerea l  p r o t o p l a s t  243,  244,  
245,  246,  250,  255,
256,  258,  261,  266,
270,  276,  277,  278,
280,  485,  491
chimeric  plasmids 43,  45,
47
506
e l e c t r o n  m i c r o s c o p y  2 1 ,  3 0 ,  
5 0 ,  1 0 1 ,  1 5 4 ,  1 6 3 ,  1 6 4 ,  
1 8 4 ,  1 8 5 ,  2 1 4 ,  3 4 5 ,
3 8 5 ,  4 2 6 ,  4 3 3 ,  4 3 5 ,
4 6 4 ,  4 7 0 ,  4 7 6 ,  477 
e mb r y o  2 4 8 ,  2 5 5 ,  2 5 7 ,  2 6 9 ,  
2 7 0 ,  2 7 1 ,  3 1 8 ,  4 8 6 ,
488
e m b r y o g e n e s i s  2 4 3 ,  2 5 5 ,
2 5 8 ,  2 7 0 ,  2 9 0 ,  3 1 0 ,
488
e m b r y o g e n i c  c e l l  c u l t u r e  
2 4 3 ,  2 4 6 ,  2 5 7 ,  2 6 9 ,
308
t i s s u e  2 9 0 ,  322 
e n d o - ß - g l u c a n a s e  1 7 1 ,  1 7 2 ,  
1 7 5 ,  1 7 6 ,  1 7 7 ,  1 8 8 ,
1 8 9 ,  2 0 8 ,  209 
e s t e r a s e  2 9 0 ,  3 2 5 ,  3 4 3 ,
3 4 4 ,  347
e x o - ß - g l u c a n a s e  1 7 2 ,  1 7 3 ,  
1 7 4 ,  1 7 5 ,  1 7 7 ,  1 7 9 ,
1 8 7 ,  1 8 8 ,  1 8 9 ,  2 0 5 ,
209
f r e e z e  e t c h i n g  1 2 0 ,  1 2 2 ,
1 6 3 ,  1 6 4 ,  165
g a m e t o p h o r e  3 6 3 ,  3 6 4 ,  3 6 5 ,  
3 7 1 ,  3 7 2 ,  373 
g e l a t i n  1 4 0 ,  1 4 1 ,  1 4 2 ,
1 5 2 ,  153
g e n e  e x p r e s s i o n  4 7 ,  3 2 1 ,  
4 2 0 ,  4 2 5 ,  436
g e n e t i c  m a n i p u l a t i o n  5 ,  6 ,
7 ,  6 3 ,  2 4 3 ,  2 5 5 ,  2 7 5 ,  
3 0 7 ,  3 6 7 ,  4 1 8 ,  4 2 2 ,
4 2 5 ,  447
m a r k e r s  7 ,  2 3 ,  7 5 ,  
1 2 0 ,  1 3 5 ,  3 0 2 ,  3 4 9 ,
3 5 2 ,  402
m o d i f i c a t i o n  2 4 3 ,
2 5 5 ,  2 5 8 ,  2 6 9 ,  2 8 0 ,
407
g e n t a m i c i n  235 
g e r m i n a t i o n  1 9 9 ,  2 0 0 ,  2 0 2 ,  
487
Gi e ms a  s t a i n i n g  1 0 6 ,  1 0 9 ,  
1 2 0 ,  317
g l u c a n  1 5 4 ,  1 7 1 ,  1 7 2 ,  179 
1 8 4 ,  1 8 5 ,  1 8 6 ,  1 8 8 ,
207
g l u c a n  a 1k a l i - s o l u b l e  1 7 2 ,  
1 8 4 ,  185
a l k a l i - i n s o l u b l e  1 7 1 ,  
1 7 2 ,  1 7 3 ,  1 7 5 ,  1 8 5 ,
187
s y n t h e t a s e  1 8 6 ,  1 8 8 ,  
4 6 3 ,  4 6 4 ,  4 6 5 ,  467
1 . 3 -  a - g l u c a n a s e  1 9 3 ,  1 9 9 ,
2 0 0 ,  201 , 202 , 203 
1 , 4 - a - g l u c a n a s e  221 ,. 2 2 4 ,
227
1 . 3 -  e - g l u c a n a s e  1 7 2 ,  1 7 5 ,
1 7 6 ,  1 7 7 ,  1 8 6 ,  1 8 7 ,
189 , 199 , 200 , 201 ,
2 0 2 ,  2 0 3 ,  2 0 5 ,  2 0 6 ,
2 0 7 ,  2 0 8 ,  2 0 9 ,  2 1 0 ,
2 2 1 ,  2 2 2 ,  2 2 4 ,  227 
1 , 6 - ß - g l u c a n a s e  1 7 5 ,  1 7 6 ,
1 77 , 1 99 , 200 , 201 ,
2 0 2 ,  203
g l ow d i s c h a r g e  1 6 3 ,  164 
g l y c o p r o t e i n s  1 7 7 ,  1 8 4 ,
383
g r o o v e - l i k e  i n v a g i n a t i o n  
1 6 5 ,  166
h a b i t u a t i o n  3 2 5 ,  4 2 7 ,  428 
h a p l o i d i z a t i o n  9 ,  1 0 ,  5 7 ,  
6 9 ,  7 6 ,  7 8 ,  7 9 ,  135 
h e a t  i n a c t i v a t i o n  239 
H e l i  c a s e  1 4 1 ,  142 
h e t e r o d i p l o i d s  8 ,  30 
h e t e r o k a r y o n  7 ,  8 ,  1 0 ,  1 1 ,  
56 , 57 , 58 , 63 , 64 ,
6 5 ,  6 7 ,  6 8 ,  7 0 ,  7 3 ,
7 4 ,  7 7 ,  7 8 ,  8 2 ,  8 8 ,
89 , 99 , 1 01 , 1 04 , 1 05 , 
2 3 8 ,  2 4 6 ,  2 8 0 ,  2 9 0 ,
3 1 2 ,  3 1 6 ,  3 2 2 ,  3 2 3 ,
3 2 4 ,  3 4 1 ,  3 4 4 ,  3 4 7 ,
385
c o m p a t i  b i l i  t y  
7 4 ,  7 5 ,  7 8 ,  7 9 ,  82
i n c o m p a t i  bi  1 i t y  
7 4 ,  7 6 ,  8 2 ,  8 6 ,  8 7 ,
90
h e t e r o p l o i d s  5 8 ,  59 
h e t e r o z y g o u s  d i p l o i d s  6 3 ,
81 , 93 , 1 03 , 1 1 8 ,  327 ,
334
h y b r i d i z a t i o n  4 5 .  4 6 ,  9 9 ,
1 1 3 , 1 31 , 149 , 369 ,
h y p o c o t y í  2 5 5 ,  2 5 6 ,  257
507
Chi t i n  1 8 4 ,  1 9 0 ,  1 9 1 ,  1 9 9 ,  
2 0 0 ,  2 0 2 ,  2 1 4 ,  2 3 0 ,  
4 7 5 ,  4 7 7 ,  4 7 9 ,  4 8 0 ,  
4 8 1 ,  482
c h i t i n a s e  1 9 0 ,  1 9 1 ,  1 9 2 ,  
1 9 9 ,  2 0 0 ,  2 0 2 ,  203
C h i t i n  s y n t h e t a s e  4 7 6 ,  4 7 8 ,  
4 7 9 ,  4 8 0 ,  4 8 1 ,  482
c h i t o s o m e  4 7 5 ,  4 7 6 ,  4 7 7 ,  
4 7 8 ,  4 7 9 ,  4 8 0 ,  4 8 1 ,
482
c h l o r o n e m a t a  3 6 3 ,  3 6 4 ,
3 7 0 ,  371
c h l o r o p l a s t  4 9 ,  5 2 ,  2 6 3 ,  
2 7 6 ,  2 9 5 ,  3 0 8 ,  3 0 9 ,  
3 1 0 ,  3 2 2 ,  3 4 1 ,  3 4 2 ,  
3 4 5 ,  3 4 6 ,  3 5 0 ,  3 6 0 ,  
3 6 1 ,  3 6 3 ,  3 7 7 ,  3 7 9 ,  
4 5 7 ,  4 5 9 ,  3 6 0 ,  464
t r a n s p l a n t a t i o n
280
c h r o mo s o me  9 ,  1 0 ,  4 5 ,
6 3 ,  6 7 ,  6 9 ,  7 3 ,  7 4 ,
8 0 ,  8 1 ,  8 2 ,  9 9 ,  1 0 1 ,  
1 0 2 ,  1 0 3 ,  1 0 4 ,  1 1 8 ,  
2 9 6 ,  2 9 7 ,  3 0 4 ,  3 0 7 ,  
3 0 8 ,  3 1 1 ,  3 1 2 ,  3 1 6 ,  
3 1 7 ,  3 2 1 ,  3 2 7 ,  3 2 9 ,  
3 3 3 ,  3 4 2 ,  490
e l i m i n a t i o n  9 ,  
2 9 0 ,  3 1 1 ,  3 4 2 ,  344 
e x p r e s s i o n  2 9 ,
3 5 ,  36
n umbe r  5 9 ,  2 8 5 ,  
2 8 8 ,  2 9 3 ,  2 9 4 ,  2 9 5 ,  
3 0 3 ,  3 1 0 ,  3 1 8 ,  3 2 4 ,  
3 3 5 ,  3 4 2 ,  3 4 4 ,  3 5 1 ,  
3 5 8 ,  359
c o m p l e m e n t a t i o n  8 ,  2 9 ,  3 0 ,  
33 , 35 , 36 , 55 , 56 ,
5 7 ,  5 8 ,  5 9 ,  6 0 ,  6 4 ,
7 3 ,  1 0 5 ,  1 2 1 ,  2 9 5 ,
3 0 1 ,  3 0 8 ,  3 0 9 ,  3 1 0 ,  
3 2 5 ,  3 3 1 ,  3 6 5 ,  3 6 8 ,  
3 6 9 ,  3 7 1 ,  3 7 2 ,  3 7 3 ,  
3 7 4 ,  3 7 5 ,  410
c o n c a n a v a l i n  A 1 7 7 ,  1 7 8 ,  
3 8 5 ,  4 6 3 ,  4 6 4 ,  4 6 7 ,
468
c o n j u g a t i o n  2 0 ,  1 0 5 ,  1 7 1 ,  
1 7 3 ,  1 7 9 ,  1 8 6 ,  1 8 9 ,  
1 9 2 ,  235
Crown g a l l  d i s e a s e  4 0 7 ,
4 0 8 ,  4 0 9 ,  4 1 0 ,  4 1 3 ,  
4 1 4 ,  4 1 5 ,  4 1 7 ,  4 1 8 ,  
4 2 2 ,  4 2 5 ,  428
c y b r i d  9 ,  2 9 3 ,  3 0 8 ,  3 5 2 ,  
3 5 3 ,  3 5 4 ,  3 5 5 ,  3 6 1 ,
381
c y t o h a l a s i n  B 3 1 5 ,  381 
c y t o c h r o m  C o x i d a s e  464 
c y t o p l a s m i c  ( e x t r a n u c l e a r )  
i n h e r i t a n c e  4 7 ,  3 3 6 ,  
3 4 1 ,  3 4 4 ,  3 5 2 ,  360
i n t e r a c t i o n  2 0 ,  
2 1 ,  3 4 9 ,  3 5 4 ,  355
m a r k e r s  3 4 9 ,  360  
377
c y t o p i  a s  t  377 , 378  , 3 7 9 ,  
3 8 0 ,  381
d e x t r i n  1 3 9 ,  1 4 0 ,  1 4 1 ,  142 
d i h a p l o i d  2 8 4 ,  2 8 5 ,  2 9 4 ,  
3 2 7 ,  3 2 9 ,  3 3 0 ,  3 3 1 ,  
3 3 2 ,  3 3 3 ,  3 3 4 ,  335 
d i p l o i d  b a c t e r i a  7 ,  2 9 ,  3 4 ,  
35
f o r m a t i o n  1 0 ,  5 6 ,  
5 7 ,  9 3 ,  302
d i v i s i o n  p o t e n t i a l  2 4 8 , 2 4 9  
DNA 4 , 7 , 1 1 ,  2 0 ,  2 6 ,  3 5 ,  
4 0 ,  4 3 ,  4 5 ,  4 9 ,  50 ,
5 2 ,  5 4 ,  1 0 2 ,  2 5 0 ,  2 5 5 ,  
2 7 7 ,  2 8 5 ,  3 0 8 ,  3 1 0 ,  
3 5 0 ,  3 5 1 ,  3 5 2 ,  3 5 3 ,
354 , 355 , 3 9 0 ,  391 , 
3 9 2 ,  3 9 3 ,  3 9 4 ,  3 9 5 ,  
3 9 6 ,  398  , 3 9 9 ,  401 , 
4 0 3 ,  4 1 0 ,  4 1 3 ,  4 1 6 ,  
4 2 2 ,  4 2 5 ,  4 2 6 ,  4 2 9 ,
431 , 441 , 4 4 5 ,  4 6 9 ,  
4 7 3 ,  4 8 5 ,  4 8 7 ,  4 9 0 ,  
4 9 1 ,  494
c o n t e n t  5 6 ,  5 7 ,  5 9 ,  6 8 ,  
7 3 ,  9 3 ,  9 9 ,  1 0 6 ,  1 0 7 ,  
1 1 0 ,  1 1 3 ,  1 1 7 ,  1 1 8 ,  
1 2 9 ,  1 3 1 ,  1 3 2 ,  133 
u p t a k e  2 5 5 ,  3 9 0 ,  3 9 3 ,  
3 9 6 ,  3 9 7 ,  3 9 9 ,  4 0 0 ,
401
D r i s e l a s e  2 5 6 ,  2 5 7 ,  3 6 6 ,  
3 7 8 ,  4 2 6 ,  452
508
i n c o m p a t i b i l i t y  8 ,  9 ,  1 0 ,
1 1 , 307 , 323 , 341 ,
3 4 6 ,  381
i n t e r g e n e r i c  h y b r i d  1 1 9 ,
1 2 3 ,  1 3 1 ,  2 8 7 ,  301 
f u s i o n  1 1 9 ,
1 31 , 1 33 , 135 , 2 9 0 ,
2 9 1 ,  3 0 7 ,  3 0 8 ,  311 
i n t e r s p e c i f i c  h y b r i d  8 ,
58 , 65 , 6 8 ,  69 , 131 ,
1 3 5 ,  2 8 7 ,  2 9 3 ,  3 0 1 ,
303 , 3 0 4 ,  31 5 , 321 ,
3 4 9 ,  3 5 5 ,  447
p r o t o p l a s t  
f u s i o n  5 7 ,  5 9 ,
6 0 ,  6 3 ,  6 4 ,  6 7 ,  7 0 ,
7 3 ,  7 4 ,  8 2 ,  8 7 ,  1 2 7 ,
2 4 4 ,  2 8 0 ,  2 9 0 ,  2 9 1 ,
3 0 7 ,  4 4 7 ,  4 5 4 ,  455
i n t r a g e n e r i c  h y b r i d  1 3 1 ,
316
i n t r a s p e c i f i c  h y b r i d  1 2 7 ,
1 31 , 1 35 , 31 5 ,  321
t r a n s f e r  8 7 ,
8 8 ,  90
p r o t o p l a s t
f u s i o n  49 , 55 , 57 ,
5 9 ,  6 0 ,  7 0 ,  7 3 ,  7 4 ,
1 0 0 ,  1 0 4 ,  1 3 2 ,  1 3 5 ,
3 3 4 ,  455
i s o p e r o x i d a s e  1 0 ,  2 9 5 ,
296
i n v a g i n a t i o n  4 9 ,  5 0 ,  5 2 ,
1 6 3 ,  1 6 4 ,  1 6 5 ,  433
s p h e r i c a l  1 6 5 ,
168
k a r y o p l a s t  3 7 7 ,  3 7 8 ,  3 8 0 ,
381
L a m i n a r i a  mea l  2 1 4 ,  230 
l a m i n a r i n a s e  1 7 2 ,  1 7 3 ,
1 7 4 ,  1 7 6 ,  1 7 8 ,  1 8 4 ,
2 0 8 ,  210
l e g u me  p r o t o p l a s t  2 7 7 ,  441 
1 i pos ome  1 58 , 391 , 398  ,
399
l y s o z y m e  3 ,  1 9 ,  3 7 ,  2 3 6 ,
426
l y t i c  e n z y me s  8 6 ,  1 5 2 ,  1 6 5 ,
1 8 3 ,  1 8 6 ,  1 9 1 ,  1 9 2 ,  2 1 4 ,  
2 3 0 ,  233
m a c e r o z y m e  2 5 6 ,  2 5 7 ,  4 2 6 ,
434
ma l e  s t e r i l i t y  3 4 9 ,  3 5 0 ,
351 , 353 , 354 , 355 ,
3 5 7 ,  3 5 9 ,  377
m a t i n g  t y p e  1 9 ,  2 2 ,  5 7 ,  9 3 ,  
9 5 ,  9 9 ,  1 0 5 ,  1 0 6 ,  1 0 7 ,
1 0 8 ,  1 0 9 ,  1 1 0 ,  1 3 2 ,
13*3 , 179 , 2 05 , 210
m a t r i x  b u i l d i n g  u n i t s  1 5 4 ,
184
M e i c e l a s e  426 
m e t h a n o l  u t i l i z i n g  y e a s t s  
1 2 5 ,  1 2 6 ,  127
m i c r o  f i b r i l s  4 7 0 ,  4 7 1 ,  4 7 5 ,  
4 7 6 ,  4 7 7 ,  4 7 8 ,  4 7 9 ,
4 8 0 ,  4 8 1 ,  482 
m i c r o s p o r e  2 4 7 ,  2 4 8 ,  249 
m i c r o t u b u l e s  1 5 6 ,  1 5 7 ,  4 6 9 ,  
4 7 0 ,  4 7 1 ,  4 7 2 ,  473 
m i c r o v i s c o s i t y  4 5 7 ,  459 
m i t o c h o n d r i a  1 0 ,  4 9 ,  8 5 ,  8 6 ,
1 5 6 ,  2 1 5 ,  2 1 6 ,  3 1 6 ,
341 , 342 , 357 , 361 ,
4 6 0 ,  4 6 4 ,  467
m i t o c h o n d r i a l  DNA 5 9 ,  8 5 ,  8 6 ,  
8 9 ,  9 0 ,  9 7 ,  1 1 9 ,  1 2 3 ,
1 5 7 ,  1 7 5 ,  1 7 7 ,  18 3 ,
1 8 8 ,  1 9 3 ,  1 9 9 ,  2 0 0 ,
2 0 5 ,  2 0 7 ,  3 1 6 ,  3 5 0 ,
3 5 3 ,  3 5 4 ,  355
i n h e r i t a n c e  8 5 ,
9 3 ,  97
m u t a n t s  1 4 5 ,
149
r e c o m b i  n a t i o n  
8 5 ,  8 6 ,  8 9 ,  9 0 ,  355 
m i t o t i c  c o - s e g r e g a t i o n  1 0 1 ,  
1 0 2 ,  1 0 4 ,  116
r ec omb  i na t i  on 6 3 ,
6 9 ,  7 8 ,  8 1 ,  8 2 ,  127 
s e g r e g a t i  on 94 , 95 , 
9 7 ,  9 9 ,  1 0 0 , 1 0 1 ,  10 2 ,  
1 0 4 ,  1 0 5 ,  1 0 6 ,  1 0 7 ,
1 0 9 ,  1 1 3 ,  1 1 4 ,  1 1 6 ,
1 1 7 ,  128
m o n o h a p l o i d  3 2 9 ,  3 3 0 ,  3 3 4 ,
335
m o r p h o g e n e s i s  2 7 1 ,  2 7 2 ,  2 9 0 ,  
295 , 296 , 321 , 331 ,
332
m o r p h o g e n e t i c  p o t e n t i a l  2 7 0 ,  
2 7 2 ,  290
m o r p h o g e n e t i c  r o l e  1 5 7 ,
2 0 0 ,  2 0 2 ,  203
509
m u t a g e n e s i s  1 1 3 ,  1 4 0 ,  2 3 5 ,
363
m u t a t i o n  9 4 ,  2 6 9 ,  2 8 0 ,
333
NADH c y t o c h r o m e  o x i d o r e d u c t a s e  
4 6 4 ,  465
. » - n e u r a m i n i d a s e  283 
n e u r o s p o r e n e  308 
n i t r o g e n  f i x a t i o n  2 5 0 ,
4 0 9 ,  4 2 2 ,  4 4 1 ,  4 4 2 ,
444
n i t r o s o g u a n i d i n e  1 2 5 ,  126 
n o p a l i n e  4-02 , 4 0 8 ,  409 ,
4 1 0 ,  4 1 1 ,  4 1 3 ,  4 1 5 ,
4 2 0 ,  4 2 2 ,  425
o r g a n o g e n e s i s  2 5 5 ,  2 5 7 ,
2 8 9 ,  295
o r g a n e l l e  9 ,  4 9 ,  5 0 ,  5 2 ,
7 4 ,  8 5 ,  9 0 ,  1 5 5 ,
1 5 6 ,  2 1 7 ,  2 1 8 ,  2 5 5 ,
3 1 5 ,  3 1 6 ,  3 4 1 ,  3 4 2 ,
3 4 5 ,  4 6 4 ,  4 6 7 ,  4 7 8 ,
480
t r a n s f e r  1 5 8 ,  2 5 5 ,
3 7 7 ,  3 7 8 ,  466 
o c t o p i n e  4 0 2 ,  4 0 8 ,  4 0 9 ,
4 1 0 ,  4 1 1 ,  4 1 3 ,  4 1 5 ,
4 1 6 ,  4 1 8 ,  4 2 0 ,  4 2 5 ,
4 2 6 ,  4 2 7 ,  4 2 8 ,  429
p - f l u o r o p  h e n y 1 - a l a n i n e  
1 0 2 ,  1 2 7 ,  135
p a r t h e n o g e n e s i s  2 8 4 ,  3 2 9 ,
3 3 4 ,  3 3 5 ,  346 
p e c t i n a s e  2 7 7 ,  3 3 1 ,  3 4 9 ,
457
p e c t i n o l  378 
P e c t o l y a s e  434 
P e r c o l  1 3 3 1 ,  379 , 380
p e t i t e - n e g a t i v e  y e a s t  93 
p h o s p h o l i p i d  2 8 3 ,  2 8 4 ,
3 7 8 ,  3 8 3 ,  3 8 4 ,  3 8 5 ,
478
p h y t o h o r m o n e  a u t o t r o p h y  
4.10, 4 1 8 ,  420
r e q u i  r e m e n t s  
266 , 272 , 321 , 322 ,
4 0 8 ,  4 1 0 ,  416
p l a s ma l e mm a  2 5 7 ,  3 8 3 ,  3 8 5 ,  
4 3 3 ,  4 5 7 ,  4 5 9 ,  4 6 0 ,
461
p l a s m a  me mbr ane  4 9 ,  1 2 0 ,  
1 5 6 ,  1 6 3 ,  1 8 4 ,  1 9 0 ,  
2 7 6 ,  4 5 7 ,  4 5 9 ,  4 6 3 ,
466 , 467 , 468 , 471 , 
4 7 2 ,  4 7 3 ,  4 7 8 ,  480  
p o l y m e r i s a t i o n  1 6 3 ,  
1 6 4 ,  1 6 5 ,  1 6 6 ,  1 6 7 ,
168
p i asmi d 1 1 , 35 , 37 , 3 8 ,
3 9 ,  4 0 ,  4 3 ,  4 4 ,  4 5 ,
47 , 101 , 255 , 3 9 0 ,
391 , 392  , 393 , 394 , 
3 9 6 ,  3 9 7 ,  3 9 9 ,  4 0 0 ,
4 0 1 ,  4 0 2 ,  4 0 3 ,  4 0 9 ,  
4 1 0 ,  4 1 2 ,  4 1 3 ,  4 1 4 ,  
4 1 5 ,  4 1 6 ,  4 1 7 ,  4 1 8 ,  
4 2 2 ,  4 2 5 ,  4 2 6 ,  4 2 7 ,  
4 2 8 ,  429
p i o i  dy l e v e l  5 7 ,  1 1 3 ,  1 1 7 ,  
1 1 8 ,  1 3 3 ,  1 4 5 ,  2 9 5 ,  
3 0 9 ,  3 1 7 ,  3 1 8 ,  3 2 9 ,  
3 3 5 ,  370  
p o l a r i t y  22
p o l y a m i n e  4 8 5 ,  4 8 6 ,  4 8 7 ,  
4 8 8 ,  4 9 0 ,  4 9 1 ,  4 9 3 ,
494
p r o p a g a t i o n  o f  p l a n t s  2 6 9 ,  
2 9 5 ,  365
p r o t e a s e  1 2 , 2 0 0 ,  201 ,
2 0 2 ,  203
p r o t o n e m a  3 6 3 ,  3 6 4 ,  3 6 6 ,  
3 7 2 ,  373 
p r o t o p l a s t
me mbr ane  2 8 3 ,  379 
múl t i n u c I e a t e d  1 5 7 ,  
2 2 9 ,  231
r e g e n e r a t i o n  1 5 1 ,  1 5 3 ,  
1 5 4 ,  1 5 7 ,  3 0 3 ,  3 3 3 ,  
3 2 8 ,  3 6 5 ,  3 6 6 ,  3 9 0 ,  
4 0 3 ,  4 2 5 ,  4 2 6 ,  429 
r e v e r s i o n  1 5 1 ,  1 5 4 ,  
1 5 6 ,  1 5 7 ,  158 
s u r f a c e  447 
p r o t o s o m a  5 0 ,  5 2 ,  54 
p s e u d o - d i v i s i o n  2 4 5 ,  246 
p u s t u l a n  1 7 3 ,  1 7 4 ,  1 7 5 ,
1 7 6 ,  1 8 6 ,  2 0 0 ,  208
r e c o m b i n a t i o n  7 ,  8 ,  1 0 ,  2 3 ,  
2 5 ,  2 9 ,  3 0 ,  3 3 ,  4 5 ,
4 7 ,  5 7 ,  7 5 ,  7 7 ,  7 8 ,
8 5 ,  8 6 ,  8 8 ,  8 9 ,  9 0 ,
91 , 93 , 97 , 1 02 , 1 27 ,
510
r e c o m b i n a t i o n  ( c o n t . )
2 3 5 ,  2 7 5 ,  2 8 0 ,  3 1 6 ,
31 9 , 321 , 355 , 391
r e c o m b i n a n t s  7 , 8 ,  1 9 ,  2 1 ,  
2 2 ,  2 3 ,  2 6 ,  2 9 ,  3 0 ,
31 , 32 , 33 , 3 4 ,  35 ,
3 6 ,  3 7 ,  5 6 ,  5 7 ,  7 0 ,
77 , 7 8 ,  81 , 8 9 ,  93 ,
9 4 ,  9 5 ,  9 6 ,  1 0 1 ,  1 0 6 ,  
1 1 6 ,  1 2 7 ,  1 3 5 ,  2 3 8 ,  
2 3 9 ,  2 4 0 ,  2 5 0 ,  3 9 9 ,  
4 0 0 ,  401
r e g e n e r a t i o n  7 ,  10 ,  4 4 ,
5 0 ,  5 2 ,  8 0 ,  1 14 ,
1 21 , 1 23 , 1 26 , 1 31 ,
1 3 2 ,  1 4 0 ,  1 41 , 1 51 , 
1 5 2 ,  1 5 5 ,  2 2 9 ,  2 3 3 ,
2 3 6 ,  2 3 9 ,  2 4 3 ,  2 4 8 ,  
2 6 4 ,  2 6 5 ,  2 6 6 ,  2 6 9 ,  
2 9 5 ,  2 9 6 ,  2 9 7 ,  3 0 1 ,  
3 0 2 ,  3 0 3 ,  3 1 6 ,  3 4 3 ,  
4 2 0 ,  4 2 1 ,  4 2 2 ,  475
o f  p l a n t s  2 4 3 ,
2 4 4 ,  2 4 6 ,  2 4 7 ,  2 4 8 ,  
2 4 9 ,  2 6 9 ,  2 7 7 ,  2 7 8 ,  
2 8 0 ,  2 8 4 ,  2 8 9 ,  2 9 0 ,  
2 9 3 ,  3 0 8 ,  3 0 9 ,  310*
31 1 , 31 6 , 331 , 333 ,
335 , 341 , 342 , 345 , 
3 4 7 ,  3 4 9 ,  3 5 0 ,  3 5 1 ,  
3 5 2 ,  3 5 7 ,  3 6 6 ,  4 0 3 ,  
4 0 8 ,  4 1 8 ,  4 2 9 ,  485
r e s i s t a n c e  3 7 4 ,  375
ampi  c i l l i n  38 , 39 ,
45
a n t i b i o t i c  1 4 5 ,  1 4 7 ,  
1 4 9 ,  2 3 5 ,  239 
ca dmi um 1 3 9 ,  140 
c h l o r a m p h e n i c o l  8 6 ,  
8 8 ,  8 9 ,  1 4 5 ,  1 4 7 ,  149 
d r u g  301
e r y t h r o m y c i n  8 4 ,  9 5 ,  
9 6 ,  1 4 5 ,  1 4 7 ,  149 
h e a v y  m e t a l s  145 
k a n a my c i  n 341 , 342 , 
3 4 3 ,  3 4 4 ,  345 
o 1 i gomyc i n  86 , 87 ,
8 8 ,  8 9 ,  149 
r i f a m p i c i n  2 3 5 ,  238 
s t r e p t o m y c i n  2 2 ,  2 4 ,  
2 6 ,  4 9 ,  2 3 5 ,  2 3 9 ,  3 2 2 ,  
3 2 4 ,  3 4 1 ,  3 4 7 ,  3 8 1 ,  
4 1 3 ,  4 1 9 ,  429 
t e t r a c y c l i n  3 9 ,  45 
v i r u s  3 3 4 ,  3 3 5 ,  435
r e s t r i c t i o n  e n z y me s  2 8 5 ,
308 , 346 , 350  , 351 , 
3 5 2 ,  3 5 3 ,  3 5 5 ,  3 6 0 ,  
3 9 5 ,  3 9 9 ,  4 0 0 ,  401 
r e v e r s i o n  6 ,  7 ,  2 3 ,  4 9 ,
5 2 ,  5 4 ,  1 0 5 ,  1 2 3 ,
1 51 , 1 53 , 1 54 , 1 55 ,
308
Rhozyme 2 5 5 ,  2 5 6 ,  2 5 7 ,  441 
r i b u l o s e - 1  , 5 - b i p h o s p h a t e  c a r '  
b o x y l a s e  2 8 5 ,  2 9 5 ,
2 9 6 ,  3 6 0 ,  4 3 6 ,  464
s c a n n i n g  e l e c t r o n m i c r o s c o p y  
1 3 2 ,  1 6 5 ,  225 
s c u t e l l u m  2 4 7 ,  2 4 8 ,  258 
s e g r e g a t i o n  1 0 ,  2 9 ,  3 2 ,  3 3 ,  
34 , 46 , 5 6 ,  5 7 ,  58 ,
5 9 ,  6 4 ,  6 6 ,  6 7 ,  6 8 ,
6 9 ,  7 0 ,  7 3 ,  7 4 ,  7 5 ,
7 7 ,  7 8 ,  8 5 ,  9 3 ,  9 7 ,
9 9 ,  1 0 0 ,  1 0 2 ,  1 0 5 ,
1 1 6 ,  1 2 7 ,  1 2 9 ,  1 3 5 ,
1 4 0 ,  1 4 9 ,  1 8 9 ,  3 0 8 ,
3 1 5 ,  3 1 6 ,  3 2 1 ,  3 3 4 ,
3 4 2 ,  3 4 3 ,  3 4 4 ,  3 4 5 ,
3 7 0 ,  3 7 3 ,  3 7 4 ,  4 1 6 ,
417
s e l e c t i o n  2 3 ,  3 9 ,  4 3 ,  5 5 ,  
1 1 9 ,  2 3 6 ,  2 3 8 ,  2 8 8 ,
295 , 301 , 302 , 303 ,
3 0 4 ,  3 0 8 ,  3 1 9 ,  3 2 1 ,
3 2 2 ,  3 2 3 ,  3 2 5 ,  3 3 3 ,
334 , 335 , 335 , 401 ,
4 1 3 ,  426 
s e n s i t i v i t y
a u x i n  364 
c y t o k i n i n  3 6 4 ,  365 
t e n t o x i n  3 5 9 ,  360 
s i  somi  c i n  235 
s n a i l  enz yme  4 ,  4 4 ,  1 0 6 ,
1 1 3 ,  1 2 6 ,  1 3 2 ,  1 4 7 ,
1 5 2 ,  1 6 5 ,  172
s o m a t i c  e m b r y o g e n e s i s  2 5 5 ,
258
s o m a t i c  h y b r i d  8 ,  9 ,  10 ,
5 8 ,  2 4 4 ,  2 5 5 ,  2 7 5 ,  
2 9 5 , 2 9 6 ,  2 9 7 ,  2 9 8 ,
2 9 9 ,  3 0 2 ,  3 0 3 ,  3 0 4 ,
305 , 308 , 309 , 31 1 ,
3 1 6 ,  3 2 2 ,  3 2 3 ,  3 2 5 ,
336 , 341 , 342 , 343 ,
3 4 5 ,  3 4 6 ,  3 4 7 ,  3 5 2 ,
3 5 7 ,  3 5 8 ,  3 6 0 ,  3 6 3 ,
3 7 0 ,  3 7 4 ,  4 0 7 ,  418
s o m a t i c  h y b r i d i z a t i o n  8 ,
9 ,  1 0 ,  2 5 5 ,  2 5 8 ,  2 6 9 ,  
2 9 0 ,  2 9 3 ,  3 0 7 ,  3 0 8 ,  
3 2 1 ,  3 2 7 ,  3 4 5 ,  3 6 8 ,  
3 7 0 ,  3 7 3 ,  3 7 4 ,  3 7 5 ,
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WE RECOMMEND OUR 
FOLLOWING PERIODICALS
ACTA BIOCHIMICA ET BIOPHYSICA 
AOADEMIAE SCIENTIARUM 
HUNGARICAE
Subject matter: new findings, methods and 
techniques in the field of fundamental 
biochemistry and biophysics: proteins 
(structure and synthesis), enzymes,nucleic 
acids, regulatory and transport processes, 
bioenergetics, excitation, muscular con­
traction, radiobiology, biocybernetics, 
functional structure and ultrastructure, 
etc. Papers in English.
ACTA BIOLOGICA ACADEMIAE 
SCIENTIARUM HUNGARICAE
Subject matter: biology, including the 
disciplines of general and experimental 
biology, cytology, tissue culture, experi­
mental morphology, experimental em­
bryology, regeneration, transplantation, 
experimental genetics, protistology, hy­
drobiology as well as methodical prob­
lems of greater importance. Papers in 
English.
ACTA BOTANICA ACADEMIAE 
SCIENTIARUM HUNGARICAE
Subject matter: botany, including the 
disciplines of cytology, organology, phys­
iology, taxonomy, philogeny and phy- 
tocoenology. Papers in English, German, 
French or Russian.
The above periodicals are quarterlies, 
making up a volume of some 400 to 500 
pages yearly.
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